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RotatioMnl Ranan scatterinu cross sections for 112 and 02 in the infra-red

are desired for analysis of the propaazation of high power laser radiation

throwgh the atospherz, pa-ticuarly at 10.6 u. While direct measurement of

these cross sections is difficult due 2:.•h to their mll values and to experi-

mental problems, a(tcurate measurements a•a aveilable at visible wavelengths.

The theory necessary to extrapo.ate these data is developed, and tabulated

cross sections for rotational RFain scatterina are presented from 265 rim in

the uv to 10.6 i'm in the IR. Sin,- N2 and C,2 are homonuclear diatomic molecules

with no IR absorption. extrapo-ation across absorption bands is not necessary,

and the accuracy is expected to be high. This work is described in detail in

Appendix A.

Since tJ.e scattered wavelength in Raman scattering is siifted from the

incident wavelength by an amount characteristic of and dependent on the scat-

tering species, Raman scattering is attractive as a non-sampling technique for

gas analysis. Theory suggests that thPi iormally weak phenomenon car, be

stronglv enhanced by the usa of incident wavelengths which are tuned to be

near but not on an absorption line of the scattering species. If this enhance-

ment is realizable, then resonance Raman scattering offers an approach to re-

mote measurement in the atsosphere of molecules of military significance. The

small tuning range of presently availab]e lasers witn &iequate wavelength ccntrcl

lim:-ted our laboratory investigation of this enhancement to a few species. In

one. Na2 vapor, evidence of a resonant Raman return signal was found but a clear

demonstration of its Raman-like character was not possible within the scope of

this work. If the observed signal is resonant Raman scattering rather than

fluorescence. it corresponds to an enhancement of iougr.ly 10 .- ei ordinary

v
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laz~an scatter-ing. T~he other two sn=ecits iswestigiated, Cs 2 , CJ -IF

gas, Pro-eed unsuitable for thesee resonanrt Rzama scatterin-fg stuW-ies.

N~ear ri~sonance Ram~tan scattexing is only orm or eea apprcaches to

=---ote op-tical probing, o the~rs includiing absor-prtion cf P17a backscatter from

N_. and ~f -Zayle.igh back-scarttex. ;ill such ramoze trur~P'-' te~crxicues with high

sernsitivicy depead oit the a~'ita-lty. Cf hiI- Ise energy tun-able laserzs

Ths Most pr.-using type of tmnablee laser i;s the dye :aseer, 1rut effective use

--f a dye laser reqaixes narrcrding of its noriaily brz~al. spectres out-.mt, and

then tumn-hg of- tMii narrow sp-,ctrm to the desired wavelength, Conventional

narrowing tech-i-aes involvye di-s;ersive cavity elements with, sign-iftcant

insertion lose, result4ing ia substantial power loss. BRoweve~r, if a low Pmrwer,

spectra-,ly narrow bea= is injected the laser cavity before oscillation

be~ins, -bhe laser's output spectrtm- i3 locked to the injected spectrum without

loss of ponier. in this program an inj.ecctfd power of 11 watts, -for example, Is

found to he suf~ficient to narro;w a several, hudrg,-d kilciwatt laser. The beam

to oe injected is readily cbtained Afrom a~ low power dye laser which can be

easily na~rrowed by covel'tion-ai means- oal of this work are in Appendix C.

High pow~er dye last-rs are of, pottential ii'terost not only in remote probints

appiicatioas, but alco foz eyam~le fz~r underoce-an use. T-. tte latter case

the wavelerngth retch to the ocean window. and the aiigh peak poveer are relevant,

the narrcw spectrtm and tunabi) its' are riot. Suxch 'high pulse energy dy.e lasers

however have been limtited to loi repetit~iorz rates, one pulse evlery few seconds,

at best, d--.- to thermally-induced diLstcrtion ir' thle las3er cavity. A dye Zig-

Z_-ý Face-Pimped Laser configruration, designed to elimiinate this distortion,

was founc to introdu..e no detectable distcrtion into a He/Ne probe bea~m while

OLperating at an averag'e nowyer off I kW into "he~ flashlanps. tsir~g Lnpurified

commt~rcial dye and no special querichp-nts, arn average output p~ower of over cne

watt was obtained at three pulses per second. rtis lim~it was imposed by dif-

filculties with the f shlanp trl,4garing at :'igher repetitioi' rates, not by

thermal dIh-Lortion. Pcerfmriance :ýna.Lyqis indicate!s su,-stantia3. performance

imprsvements can be obtained by straightform;ad design changes. The proixec:zed

pcrforuu:.cc~z of ire propoE~edci esign are given fox. oth oscillator and amp.' f ier

use. Studies on the dye Z_-g-Zag-FPL a-re given in hopendi:< D-



RAMAN SCATTERING STUDIES

I. INTRODUCTION

Raman scattering from molecular gases is a process in which a small

fraction of light enerqy incident on a gas is scattered by that gas, with

the wavelength of the scattered light shifted from the wavelength of the

incident light. Tne wavelength shift is different for different gases,

and the scattering at each gas' characteristic wavelength is proportional

to the density of that gas and independcnt of the densities of any other

gases present. Thus Raman scattering can be used to probe for the presence

of one or more species of interest in a mixture of gases. Although Raman

scattering is normally a very weak process, enhancement of the scattering

cross section by proximity of the incident wavelength to an absorption line

of the scattering species is expected. Utilization of this enhancement

requires a light source which can be tuned to an appropriate wavelength for

each species of interest.

In Raman scattering processes, a gaF molecule simultaneously absorbs

an incident photon and emits a scattered photon while undergoing a change

in its internal ex.-itation energy. The energy difference between scattered

and incident photons equals the enerqy difference between the initial and

final states of the molecule. ,n general, scattering nccurs at a number

of shifted wavelengths with the energy shif,' corresponding to energy level

spacings of the mc 'cule. There are two general categories of Raman scat-

tering of interest: 1) rotational Raman scattering, in which the molecule

changes its rotational energy, and 2) vibr,-ional Raman scattering in which

the molecule changes its vibrational state. A third category, in which the

molecule changes both its rotational and vibrational states, is so weak that

it is seldom of interest.

Rotational energy level spacings in mnlecules are usually small and

therefore the wavelength shifts in rotational Raman scattering are small.

The selection rule AJ = ±2 permits molecules in states with J > 2 to scatter

at two wavelengths. In one case, AJ - +2, the molecule is left in a higher

rotational energy level and the scattered photon energy is less. The scat-

tered wavelength is thus longer than the incident wavelength (stokes scattering).

• • 1



For the UT = -2 process the scattered wavelength is shorter (antistokes scat-

ter,-lnoJ. These two scrttering processes frori rotatloral states IOW erzough

to be significan•ly populated yield a series of nearly ecually spaced -cat-

tered wavele-igths extend•-c about two or three nn (for the visible waveensgt-

region) on either side of th.e incident wavelength. After the fzrst few Li.es

the intensity falls off rapidlv.

Vzbrar-onal energy level spacings are usually •-uch larger than -he

rotaion-al spacings, ard at er-ient teperatures only the vibrational grounm-

state is normally occqped. Only Lv = ±1 processes are allowed and of course

only "v = I n- occur from the grc d state. Scattering processes raising

tine molecule to a vibrationaliy excited state yield a scattered wavelength

shifted toward longer wavelength by an amount depending on the vibrational

state separation. Shifts as large as 100 nm occur for the visible wavelength

region; polyatom-c molecules with more than orne vibrational mode yield multiple

scattered wavelengths. Since the rotational spacings are nearly the same for

the upper and lcwer vibrational states, these scattered wavelengths are nearly

independent of the rotational state. The vibrational Raman spectrum thus

consists of one scattered wavelength for each vibrational mode.

The work in this program was divided into three tasks. The first

consisted of a theoretical extrapolation of rotational Raman scatcering

cross sections for N2 and 02 across the spectrum from the far infra-red to

the ultraviolet, based on measurements in the visible. This calculation takes

into account the frequency dependence of the poiarizability. The second task

was an attempt to find and evaluate resonance enhancement of Raman scattering

from a few molecules whose absorption is within the very narrow tuning range

of existing ion lasers. The spectral coincidences which are necessary severely

limited the choice of molecules, and this effort was essentially unsuccessful.

In the trird task substantial progress was made toward a high power tunable

laser with a sufficiently narrow linewidth to be useful as a source for

remote optical probes based on resonance enhancement.

II. ABSOLUTE ROTATIONAL RAMAN SCATTERING CROSS SECTIONS

The wavelength dependence of Raman cross sections is often taken to be
4

(i/A ) where %R is the scattered wavelength. This is only an approximation,
P R

however, and for high accuracy or for extrapolation over large wavelength

2



intervals the wavelength dependence of the polarizability, which leads to

r ore complex wavelength dependence, must be take--. in corsideration. Thne

wwvesength dependence of the polarizability is related to the molecule's

absorption bands. In this work the theory is developed adeqcately to extra-

polate rotational ?_aman cross sections from the uv to the far iR for molecules

which do not have a-ny IR absorption (i.e., homonuclear diatomic molecules such

Sas �.a-nd NJ. Cou"_led with absolte cress section measurements for rotational

Raman scattering from N2 and 02 at 488 nm, the theory yields absolute cross

sections over the sams wavelength range. _hnese results for N2 and 02 are

tabulated for four incident wavelengths from 265 nm to 10.6 um in Ref. 1

which is included here as Appendix A. This append.ix also gives the development

of the theory culminating in an expression which can be used for other mole-

cules with no IR absorptions.

III. RESONANT EBNANCEM4ENT OF RAMAN SCATTERING

Enhencement of Raman scattering due to proximity of the incident wave-

length i.o a singla isolated absorption line of the scattering species was

the principal interest in this task. If the incident wavelength is too close,

or if the incident linewidth overlaps the absorption line, then absorption

of the incident power will occur. This absorption will be followed by

fluorescence; the fluorescence occurs at the same wavelengths as the Raman

scattering. Although much stronger than resonant Ramaan scattering, fluores-

cence is not .s useful sirce its intensity may be strongl: affected by otler

gases present due to collision quenching processes. Thus a narrow,, tunable

source is required to avoid fluorescencc 3rnd obtain resonant Raman scattering.

Ion lasers can be operated single-m=,Ve and tuned within the gain band-

widtldhs of their available lines. In this manner an argon or krypton ion

Slasec c.r, operate with a bandwidth of < 10-4 nm tuned over several ion lines

in the visible, each line 1 nm wide. Use of such a source 'irits the

tmolecales s:uitable for resonance studies to those w.,lh ah9 neces_'-y spectral

coincidencas; we investigated three such molec'ulies: CIF • , and N.A2.

V.,-_ found that the absorption transitions of ClF have transition proba-

bilitieb which ar. .'o small to contribute meas'-reable enhancement. The

absorption spectrum of Cs2 consists of lines which are too closely spaced to

isolate the effects of any single line.

3
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Sodium molecules, Na2 , appear well suited co resonance studies exceptE2

for the experinental difficulties associated with reactive metal vapors.

With the laser timed off dfn isolated 1j, absorption line by 135-200 line-
2 7

widths (of the absorption line) we cbserved a signal which was roughly 10

larger than ordinary Rairan scattering would be. However, we were unable to

demonstrate that this sianal has the ciaracter of Raman scattering rather

than fluorescence, due tc the difficulty of the necessary experiments. With

more effort than was possible in this work such a demnoirstration can probably

be made using Ila . The details of our investigation are given in Ref. 2

which is included here as Appendix E.

As part of the program in resonant Raman scattering, a theoretical

investigation of the non-linear suppression of scattering dve to high beant

pr-: .vn the approach to resonance was undertaken.

In the study, we considered the scattering from a single molecule for

which we assumed a ringle quantum model of three levels. Such a model is

germane to real molecular systems providing the laser source is close enough

t man individual molecular absorption line to effectively isolate the contri-

buLio,,. of that line. The problem as posed is soluble, Liut proved rather

difficult in both formulation and solution as it involved extensive use of

field theoretic renormalization theory with the evaluation of coupled, self

consistent integral equations. The problem couples the sources of the two

level quantum self-induced transparency problem with the added complication

of Raman channels.

We have been successful in understanding the formal approach and have

proceeded towards a formal solution. However, due to the complexity of the

problem, more time would have been necessary to reach the solution than was

originally anticipated. Completing this effort would have required sacrificing

part of the theoretical work directed to scattering at 10.6 pm, which was

considered more important.

There are two qualitative conclusions we can draw from our study prior

to completion. First, in a real gas, atmospheric-pressure-type environment,

pressure broadening effects should act to reduce the non-linear effects. Also,

the most significant power effect will not be the "single molecule self-induced

transparency", but rather the self-induced transparency effect caused by depletion

of the lower molecular state in the absorption process.

4
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IV. TUNABLE LASER DEVEL0PMENT

The most promising candidate for a wide-range tunable laser in the visible

is the dye laser. For atost dyes these lasers have optical gain over a wave-

length interval several tens of nm wide, and the entire visible portion of the

spectrum plus parts of the uv and IR can be covered using a number of dyes.

This pioperty simultaneously allows opeiation over a wide range of wavelengths

and makes operation with a narrow linewidth difficult. The active medium is

an organic dye in a liquid solution; this solution is very susceptible to

thermally-induced optical inhomogeneities and the resulting distortion at high

average power operation. In this work we investigated one oroir-Lng technique

for narrowing the emission linewidth, and we evaluated the performance of a

dye laser configuration designed to overcome the distortion difficulties. We

found that the line narrowing technique gives excellent results and the low

distortion design works very well indeed.

The most direct means of narrowing the linewidth of a dye laser is to

introduce into the cavity dispersive elements which have large lbsses at the

undesired. wavelengths. At higher pump input levels larger losses are necessary,

and line narrowing becomes difficult. Furthermore, the dispersive elements

have some loss at the desired wavelength and reduce the output. This technique

is thus not suitable for high power operation. In this work we investigate a

technique in which a narrow-linewidth low power beam is injected into the high

power dye laser cavity before the pump )ulse begins. When the flashlamp pump

pulse rises above the thre" old pump power, the high power laser oscillation

which builds up is locked to the injected beam with its narrow linewidth. Little

injected power is needed and can be supplied, as in this woxk, by another dye

laser operated at low power where line narr 'ing is easy. We found that an in-

jected power of 11 watts peak is sufficient to narrow the near-one-megawatt peak

power of our high power laser to the injected linevidth. We emphasize that the

high power laser is not an amplifier but is a second oscillator; operation as an

amplifier would require larger power from the first oscillator for efficient

operation. Details of this work are qiven in Ref. 3 which is included here as

Appendix C.

The configuration for eliminating thermal distortion which we investigated

in this work is based on a General Electric design, the Zig-Zag Face-Pumped
4



Laser, which was originally developed to reduce thermal distortion in Nd:

glass lasers. Rather than attempt to eliminate all thermal inhomogeneities,

this design instead uses face Dumping to assure that each optical ray propa-

gating parallel to the axis •.thin the laser aperture traverses the same

inhomogeneities, and a high degree of internal self-compensation for the

thermal effects is automatically obtained. We operated a dye Zig-Zag Face-

Pumped Laser with various values of design parameters to determine the

optimum values, measured its perfoymance, and demonstrated its low-distortion

properties. We were unable to observe any distortion and achieved an average

output power of over 1 watt at three pulses per second. The dye solution

was Rhodamine 6G in ethanol at 10-3 M, and the output wavelength was 595 nm.

An analysis is presented which agrees with the measured performance and can

be used to calculate the expected performance of future designs. While the

efficiency of this present version is cnly 0.04%, this can be readily improved

"j, straightforward design modifications. Details are in Ref. 4 which is in-

cluded here as Appendix D.

6



V. REMOTE DETECTION OF THE OH RADICAL

As an example which illustrates the potential capabilities of remote

probing systems using tunable lasers, we consider the problem of detecting OH-

in a rocket exhaust one meter in diameter at 3000 K with a 1% OH- concentration.

We consider two techniques, one based on Raman scattering and the second based

on absorption of returned Rayleigh scattering, and we consider detection at a

range of 100 km.

The number N of scattered photons collected by the receiving optics, of

solid angle 0, per laser pulse of energy E iE

E K I a•OTL T
N=L

hv

whe:e K is the density of scatterers, 2 is the scattering length, a is the

scattering cross section, hv is the scattered photon energy, TL is the

atmospheric transmission at the laser wavelength, and T is the transmission
s

at the scattered wavelength.

The OH- radical has a prominent absorption band near 306.4 nm. Let us

take our incident wavelength here; the scattered wavelength is then 344.0 nm.

Then, taking

E =1 J,

1016 3=2.5 x 10 molecu.les/cm

=1 m,

0 = 6.3 x 10-, assumin.ig :. 1 meter diameter collection

aperture,

4.2 x 10 cm , assuming 'OH 'N and

hv= 5.8 x 1019 J.

Then

N =1.1 x 10-4 TLTs photons per pulse.

6If we assume an enhancement of 10 , then

N = 110 TLTs photons per pulse.

Thus ordinazr Rairan F attering is much too weak, while resonant Raman

scattering is marginal even assuming a generous enhancement. Over our assumed

7



100 km distance I L and Ts will be small under most atmospheric conditions in

the lower atmosphere, but they may be large in the upper atmosphere.

The second technique is based or comparing the Rayleigh (or Mie) scattered

return from the region beyond the ex)- ust for two wavelengths, one of which is

absorbed by the OH- radical. If the two wavelengths are very close together,

the attenuations due to processes other than OH absorption will be equal, and

the difference in the return signal is due to the absorption of the outgoing

beam and the return scattering.

Let us send our pulse out and not open our detector shutter until light

scattered from the region beyond the exhaust is arriving. If we leave the

shutter open for 5 _s, the effective scattering length is 1.5 km. (For 5 ps

cye laser pulse this 3s the range resolution; we could use longer gate times

and collect larger signals or reduce the laser pulse duration.) We observe the

Rayleigh scattering from this scattering length beyond the exhaust for trans-

mitted two wavelengths. The return signal is

E X R ;0TL 2

N= L
h v

where the symbol are defined above. We use a wavelength of 306.63 nm for

reasons given below. Then

K 2.5 x 1019 molecules/cm3 assuming the scattering
is from air at one atm.,

S= 1.5 x 105 cm,
iO27 2

a = 6 x10 cm , and

h % v 6., x 10 J.

Then

5 2
N = 2.2 x 10 TL

Thus the return signal is substantially larger than for the resonant Raman

scattering case. We note that the return signal will often be mauch larger

than this value due to Mie scattering, scattering from clouds, or from the

earth's surface beyond the exhaust plume.

The absorption cross section5 of OH- at 3000°K changes by over 103 in

a wavelength interval a small fraction of a nm wide at 30Q.F.3 nm. At a

frequency of 32.603.31 cm- 1 the absorption cross section is 6.65 cm- 1 atm-'.

8



For the I meter diameter 1% OH- rocket exhaust under consideration the absorption

at this wavelength across the center of the exhaust is 49%. If both the out-

going beam and return scattering traversed the center the net transmission would

be only 26%, while a wavelength longer by, say, 0.05 nm would be essentially

completely trarsmitted (over q9.9%). Of course, in practice only a fraction

of the outgoing beam and scattered light would cross the plume since the beam

diameter would be larger than our 1 meter plume, so the signal difference

between these wavelengths would be less. The signals are so large, however,

that small differences could be detected.

VI. RECOMMENDATIONS FOR FURTHER WORK

Remote sensing techniques offer attractive capabilities for military

intelligence applications. To achieve sensitivities and ranges of interest,

clearly some resonance phenomena will be employed. Not only is high average

power in a tunable laser source therefore required, but also minimum beam

divergence is essential for examination of localized remote scattering volumes.

The dye Zig-Zag Face-Pumped Laser has these characteristics, and it is

recommended that such a laser be developed to a more nearly optimal design.
2

The 3x3 cm aperture tested in this program is appropriate for a power ampli-

fier stage, but a driver is required with correspondingly good optical

characteristics and a power output sufficiently high to enable operation

under near saturated gain conditions.

A preliminary design of such a smaller aperture device has been developed

based upon data taken in this program. Design characteristics are:
2

1x3 em aperture, three pass configuration

Same coupling configuration and hence efficiency as present module

Three times as many dye channels in the same length module and therefore

three times the gain per pass

Input and output beam on opposite ends for experimental convenience

Good area efficiency with a beam diameter of 0.9 cm, appropriate for

an oscilliLvr with low beam divergence

As an oscillator, based upon measurements made on the present module, and using

the sa.ae pump parameters, we expect:

9



" Threshold, 147 J.

- Slope efficiency with a 1.0 cm diam beam, 0.5%,

• Output energy with 500 J to the flashlamps, 1.7 J,

• Point efficiency, 0.34%, and

• Average power, at 5 pps, 8.5 W.

With this output energy from the oscillator, an identical module may also be

used efficiently as a three pass amplifier, where we expect:

* Net small-signal gain, 9.2 db,

* 1 J per pulse added for an input signal greater than 0.3 J,

* From 0.22%, to 0.3% efficiency as an amplifier, for inputs of 0.3

to 3 J, and

* From an oscillator-amplifier combination, up to 2.7 J output for

1000 J pump energy

Alternative configurations are feasible if, for example, a shorter pulse

duration is desired.

The efficiency, high peak and average power, and low divergence of this

dye laser suggest applications such as to under ocean sensing and illumination

where tuning and narrow line widths are not necessarily required. For remote

probing as considered elsewhere in this report, the high power dye Zig-Zag-FPL

oscillator would be well suited to use in conjunction with a low power oscillator

in an injection-narrowed configuration.

It is recommended therefore that a smaller aperture DZZ-FPL be designed

and tested both as an oscillator and as an amplifier. Following this demonstra-

tion, a laser system of one or several modules could be assembled as deliverable

hardware.

10
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ABSOLUTE ROTATIONAL RAMAN CROSS SECTIONS

FOR N2 AND 02 FROM THE FAR INFRA-RED TO THE ULTRAVIOLET*

S.D. Silverstein

I. INTRODUCTION

An accurate determination of the absolute cross-section for

rotational Raman scattering from atmospheric constitnents for a

broad range of pump frequencies is often desired for a variety

of reasons ranging from diagnostics to estimation of threshold

cunditions for nonlinear processes. Laboratory measurements

are typically made at frequencies which optimize detection sensi-

tivity and system stability, and these frequencies are usually

in the visible. If one des. es, for example, an absolute cross

section in the infra-red at the CO2 laser wavelength of 10.6pm,

a direct laboratory measurement of cross sections would be very

difficult since aAA- 4, and infra-red detectors do not have sensi-

tivities comparable to detectors in the visible. In this work

we develop a theoretically based extrapolation procedure to obtain

rotational Raman cross sections from the infra-red to the ultra-

violet for N2 and 02 using absolute measurements of these cross

sections in the visible.

In addition to the predominant atmospheric constituents N2

and 02' there are also the polyatomic molecules, CO2 and water

vapor, in relatively small quantities. Both of these species

have absorptions in the infra-red associated with the pretence

of permanent electric dipole moments for particular states of

* This research was supported by the Advanced Research Proiects
Agency of the Department of Defense and was monitorei by ONR
under Contract No. N0014-72-C-0503.
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the molecules. The effect of these allowed infra-red transitions

on rotational Raman syattering (RRS) in the visible is hichly

suppressed. They should however contribulte significantly to the

infra-red scattering. The conclusioxv we come to as far as the

polyatomics are concerned, is that even with multiple determilia-

tions at different wavelengths in the visible, the contributions

of the low-lying infra-red transitions cannot be determined with

sufficient accuracy to develop a meaningful extrapolation from

the visible to the infra-red.

II. EXTRAPOLATION PROCEDURE FOR N2 AND 02

The atmospheric gases 02 and N2 are, of course, homonuclear

diatomic molecules which possess no permanent electric dipole

moment. As such, the intraband dipole transitions within a

given electronic manif'-ld are forbidden, and the contributions

to RRS arise solely from the effects of virtual transitions to

higher lying electronic states. The transitions of interest

here are those associated with .. ,,tational angular momentum

changes of AN = ±2.

The absolute'cross section:: for RRS by N2 and 02 at 647.1

and 488 nm have been measured.I We develop here a straight-

forward theoretically based exvr.apolation procedure to obtain

RRS cross sections at other wavelaý.gths using these measurements

in the visible. This procedure ta•ies into account the frequency
4

dependence of the polarizability .& well as the obvious w depen-

dence of the Raman cross section.

Let us now develop the theoe 'ti.;ai arguments for the extra-

polation procedure. We define the s\.a es Ii>; if> as the initial

and final rotational states within tha .round state ma. ifold. The

Raman scattering amplitude can be .ritten as

2 
-
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As is well known 23, the C form the components cf a Cartesian

tensor of second rank. By taking suitable linear combinations

of components of this tensor ve can form terms which transform

in the same way as spherical harmonics of order zero, one, and

two respectively. For RRS, specifically for transitions in which

the rotati.onal quantum numi:er N changes by ±2, we are in-:erested

in the combination which transforms as the L=2 representation

of the full rotation group. This form is the "symmetric form"

or "quadrupole scattering"2 defined by

Ij (2)I`16

For the diagonal components we have

- i'5 S - I1 L- - L.J~J~T 4

while for the off diagonal components we have

-- (4)

From Eq. 1 we see that

i%)P+VrAL' ti%ŽýUO (5)

where

316



Now, defining,

we rewrite Eq. 5 in the form,

-1_J . (6)

If we denote E10 as the band head separation between the ground

vibrational-rotational state and the lowest manifold of states

for which there exist allowed dipole transitions with the ground

state, we have Am > E_ for all bands, and ý < 10 for the

relevant transitions in N2 and 02. In view of these magnituCes,

we can neglect the 6 terms in Eq. 6. Hence, the scattering

amplitude can be well anproximated by

VN
4_____________ (7)

The resulL giv-ii here is still not in a form from which an extra-

polation of a measurement at a specific frequency to other

frequencies can be made. To accomplish this, we make the further

approximation of replacing the y contained within the sum of

Eq. 7 by h, ki/Al; thus removing this factor from the summation.

1.7



Here A1 0 is the band head energy of the lo".o.t electronic band

exhibiting allowed dipole transitions wit'- the ground~ state

manifold. For 0 21 A 1 0 would correspond to the band head for

the uv (Schumann-Runge bands) corresponding to the tzansition

at an energy 'lu 50,000 cm 1. The higher transit~io,.,s that would

contribute are in excess of 100,000 cm 1. This, -i~upled with

the fact that the Franck-Condon overlap integrals h.etween the

ground vibrational state and the higher continuum staites are

small, makes the approximation quite good. The most significant

correction to the approximation will presumably occur in th.,

variation in energy for the uv band itself. The results are,

of course, appropriate only to frequencies below the band head.

One can estimate the corrections to be the order of

Here 6 is the avroraqe band width of the excited state, w is

the measured frequency and w is the extrapolated frequency.

This error is the order of 5% at 10.6 pim and 15% at 300 nm

with w at 500 nm for 0 2

Similar conditions prevail for N2 where the first allowed

transitions are the L ,4-?. TA* 0bands,

both of which exhibit band head energies of Iv 100,000 cm -

The differential cross section for the "quadrupole scat-

tering", L.N = ±2, _J- given by

ILI
t (10)

With the approximations made, this assumew the form

~-i

atanenry 5,00cm Te ige tanii18 tatwo4
5i



where

- ~ (12)

as follows directly from Eq. 2.

The general result for the ratio of the rotational Raman

cross section at two different frequencies is given by

-~U ... U.....R iý' (13)

where

S,2..

In Fig. 1, we plot R'w,w,) as a function o! the w. We have

normalized the results so that w correspords to 488 nm. The

deviation of R(w,w s) from unity signifies the departure of the
4

cross section from the w f extrapolation.

III. APPLICATION OF EXTRAPOLATION PROCEDURE

A. Determination of N2 Rotational Raman Cross Sections

Let us now illustrate hoi.: one uses the results to compute

the absolute cross sections for different rotational transitions

at different frequencies and tenperatures from a single absolute

cross section measurement at a uarticular standard frequency

denoted by w The ground state of N is a IZ+ state, and the
s 2 g

total angular momentum J is just equal the rotational angular

momentum N. To a good approximation, we can neglect the cen-

trifugal distortion corrections to the rotational energy and

19
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02'-

3|

R(W,ws :488 nm)

2-

50 10 I 0.2
INCIDENT WAVELENGTH IN MICROMETERS

Fig. 1 A plot of the factor R(w,o which reflects the
frequency dependence of the square of the
polarizability normalized to the standard
frequency, which in this case is taken at a
wavelength of 488 nru.

20
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represent the rotational energy for the vth vibrational state

of the ground electronic manifold as

3  r(15)

The general expression for the differential cross section per

molecule for a particular transition can be written as

W L ** •T _ _ (16)

Here, we have used the results of Section II for the frequency

dependence. The factor A (9) depends upon the initial andlivu

final polarization only, and the angle 9 which is defined as

the angle between the incident polarization direction for plane

polarized light and the final propagation direction. We have

used J± to denote the transitions AJ ±= 2 respectively. The

factors P MT) are the thermal occupation probabilities,
vJ

~J (17)

where Q is the partition function and gj is the degeneracy factor,

J+-2
Here I is the N nuclear spin, I = 1. The b J factors are the

Placzek-Teller coefficients,

8
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II

2t2•++(2S-ti 2 (19)

-o'= a(Jh (20)

The relation for a rotational cross section relative to a

measured cross section at a frequency w.0, temperature Ts, for

the transition J,+ is given by

g,,++•= " L,, st-.• _,______-' b-+÷ -3  •

LI ~t (21)

Here -' [L (?r±i

4-1
For N the value of B is 2.010 cm . Absolute cross sections

2orv 1
for 02 and N2 have recently been obtained at 488.0 nm, Ts = 2960 K.

These are giv, by

S((D+ 7.0 ýA2(44 2O ~~ C7 9 'j,4 "% .1 ý (22)

-30 
d

It , q (1.13G±O.Zo')YiQ C",/S#O (23
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These are the differential cross section for 900 scattering,

the results are the same in the forward direction. We can use

the standard depolarization ratios of 3/4 to obtain the cross

section for the emission polarization perpendicular to the

incident.

In Table I, we have tabulated the cross sections at d:.f-

ferent frequencies corresponding to the wavelengths 10.6 un

(CO 2 laser), 1.06 Pm (neodymium lasers), 488 nm (argon ion

standard), and 265 nm (quadrupled Nd) from the measured abs-lute

value at 488 nm (Eq. 22) using the relation of Eq. 21. Any

other desired wavelengths can be computed using this relation.

B. Determination of 02 Potational Raman Cross Sections

Detailed analyses of the relative intensities of RRS at a
5-7

fixed pump frequency have been made , and the reader is re-

ferred to these works for details.

The case of 02 is conceptually a more difficult application

than N2 . This is due to the fact that the ground state of oxygen

is a spin triplet, 3 1, and the coupling between the rotational
g

angular momentum k and the spin k splits the spin degeneracy into

three states of total angular momentum N+l, N, N-1. For the

temperatures of interest, the splittings are small compared to

K bT and one can simply use the same exponential factor for the

thermal occupancy of each member of the triplet. The differences

in occupancy among the triplet can be taken simply as the dif-

ference in their degeneracy factors. The nuclear spin of oxygen

is zero, hence to preserve the symmetry of the molecular wave

function upon inversion, only odd integral venues of the rotational

quantum numbers N are allowed. The possible rotational Raman

transitions which occur are given by the selection rules AN = 0,

±2, and AJ = 0, ±1, ±2.

in Fig. 2, we have illustrated the set of allawed stokes and

anti-Stokes transitions starting from the central triplet with

rotational quantum number N. We have used the standard spectro-

scopic notation to label these transitiýns, viz (J, where

Z3 o



TA2IZ I ABS0W 01-1 CROSS S~COMM' F

n2rdc icm2 /S

ROTATM L % POP 27AIZR"TIU0 10.6 Ln 1.036 488 3M 2Z5

STA2E N AT OpC H--1 xiO-37 716-53 X2ul x..--L,

0 1.4 0-2 6.36 6.78 1.62 2.33

1 2.1 1-3 5.41 5.95 1.43 C75

2 6.6 2-0 6.61 C-.43 1.53 2.19
2-4 14.3 16.2 3.90 5.C-

3 4.4 3-1 5.77. 5.45 1.29 ;125

3-5 8.40 9.8F 2.37 3.41

4 10.3 4-2 15.7 14.35 3.40- 4 fr.
4-6 18.3 22.23 5.33 7-67

5 5.7 5-3 9.45- 6.319 1.98 2.84-
5-7 9.40 U1.8 2.83 4.09

6 11.8 5-4 21.1 18.2 4.29 6.14

6-8 M8.4 23.8 5.76 S. 31

7 5.9 7-5 U1.1 9.32 2.20 3.14

7-9 8.70 11.5 2.82 4.L,

8 11.2 8-6 22.4 12.3 4.29 6.12
8-10 15.8 21.9 5.30 7.66

9 5.2 9-7 10.5 8.58 2.01 2.87
9-11 6.96 9.95 2.42 3.49

10 9.2 10-8 20.2 15.6 3.65 5.20
10-12 11.9 17.6 4.28 6.19

11 4M0 11-9 9.15 6.85 1.60 2.28

11-13 4.93 7.54. 1.e4 2.66

12 6.8 12-10 16.0 11.7 2.72 3.8
12-14 7.95 12.6 3.08 4.46

13 2.8 13--11 6.82 4.83 1.13 1.60

13-15 3.12 5.12 1.25 1.82

14 4.4 14-12 12.3 7.79 1.P?1 2.57

14-16 4.76 8.10 1.99 2.83

15 1.7 15-13 4.55 3.05 0.709 1.01
15-17 1.77 3.13 0.768 1.12

16 2.6 16-14 7.15 4.67 1.08 1.53
16-18 2.58 4.71 1.16 1.68

The results given here are the differential cross sections fr
inLident and emitted radiatiorn plane polarized in the saxz
dire'ztion with the emission wave 7ector at 90 to the Incident

polarization. Tc chtain the depolarized component at 90•, the
results are to be multiplied by 3/4.

We note that the cross sections given here have incori.crzted
tne thermal occupation £actors of the rotational levels. To
eliminate this population factor one merely divides by the
relative populaticn for each rotatiozal state ;s given i:- the
table.

1i 24
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Fit. 2 An illustration of the ailow-d rotational ?azr-•
branches in 1'2 - The group designated by (1I aypear
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(2j. (31 are anti-Stokes, and (4!, (5) ate tle
Stokes rcatterino.
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t~e brc~*s 0, P. Q, 2, S) Cor~restoa4 to tbe a~a

cba~as (-2. -2, 0. *2.. *2) respectively- 7be qzrctýp of =ramsi-

tioms desIqnated by (it L= Pig- 2 correspo~d t= tle t-ra~sitio.cs

i-NA 0, a~d will appear as sate~llites a= the Rawiieio lire - 2Tere

are, of comrse. =a satelli1tes of tBIS kiz 0= the 39 2 RZ7eigb

lixme- We see that the triplet =at~ze splits thre IS, = 2 Stakes

a--d &antL-Stkoks tramsitio~s into six separalte trazsitioms , eacbT

Of lebich his a differemt Lmtemsity fe-:tor.. Tmhe intensity factors

are gzwe= by the eoefficIemts b - vbere for the three S

I y~ aJ43~(26)

B (27)

3 (28)

13 26



1W-~

for~ fi1e 51Q CO? &~f

*-21

watere th b-2 are tbe ?!aczek-!'eller cefficiezts as ciwen in

Ezss- Z9, 20-.Ti gemeral result --a= be deriwe4E siarte~aticalily

Lron= the sy~zetry relations on -the 3-j and 6-j Coe-fficient a..
yhhicn the j;enera2 frn -4: - seý

can a~ =Xuras

AlIternatii~e2y, zhne results are ohvious c~n the bas-is of

physical crounds as the relative iztenszties are independerat

of the spin-rotational coupling-. Bence, the tata2. izatens2.tv

nust be the sane as i4f the splitting were zere, where tht only

difference between the ?laczek-Teller coefficients as given for 5,

are 'the spin degeneracy factors. For ,& 2F t~he levels are sz~read over

a broader channel wn.cin is the order of th1-e tri-glet Z__itti G rO
the Stokes sic'e, the channel w'idth will be maxinua for Yg equial te

1, where the three s S conmponents forrn a central char~nei with the

two R conponents forming smaller side ban-ds at a separation

S2 cm- fro= the central channel. At higher N, the sScom-ponents

don-;nate. and the central chiannel widoth isz narrower. Similar

resiltS are obtained for the anti-Stokes.

In Table 11 we have computed -the absolute differential cross

section dssociated with voss~bie transitions for An = ±2. We

have summed all the J values associated with the irnitial anid

final 11's. The expressions uscd for the compatations here are

ident~.cal in form to -that used for the N 2 computation in Eq. 16,

except of coLrse, that we have modified the various ter--S and

parameters as discussed in this section to make them appropriate to

0,.

14
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02AT-p MC2/S*

26

06 ;-29

1 4.4 1-3 2.43 2.777 0.930 3.57
3 9.6 3-1 2.55 2.59 O -i-3, 3.32

3-5 3.97 4.I2 1.42 !R.12
5 13.1 5-3 4.32 4.21 1.25 5.37

5-7 4-79 5..06 L,80 7.75
7 14.7 7-5 5.4-0 5.04 1.50 6.41

7--9 4.89 6.37 1.93 8.32
9 14.4 9-7 5.733 5.13 1.52 6.49

9-21 4.43 6.-65 1.84 7.93
ii 12.6 1--9 5.39 4.63 1.36 5.83

11-13 3.63 5.2i 1.58 6.85
1-3 10.1 3-11 4.59 3.7? 1.l1 4.75

13-15 2.73 4.11 1.25 5.42
;5 7.5 15-13 3.5S 2.83 0.832 3.55

15-17 1.8-; 2.99 0.914 3.96
17 5A 1--, 2.58 1.96 0.574 2.44

17-19 1.23 2.02 0.618 2.6e
19 3.2 19-17 11.72 1.26 0.367 1.56

19-21 0.724 1.27 0.31-9 i.68
21 1.9 21-19 1.06 0.749 0.218 0.927

21-23 0.402 0.740 0.228 0.991

The results given here are the differeatial cross sections for
incident and emitted radiation plane polarized in the same
direction with the emission wave vector at 900 to the incident
polarization. To obtain the depolarized component at 900, the
results are to be multiplied by 3/4.

We note that the cross sections given here have incorporated
the thermal occupation factors of the rotational levels. To
eliminate this population factor one mereXy divides by the
relative population for each rotational state as given in the
table.
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A SEARCH FOR RESONANT RAMAN SCATTERING IN ClF, Cs 2 VAPOR, AND Na2 VAPOR*

R.L. St. Peters and S.D. Silverstein

I. INTRODUCTION

Raman scattering from gases occurs at one or more wavelengths which are

shifted in energy from the incident wavelength by vibrational-rotational energy

level spacings of the molecules. Different gases thus scatt?r at different

wavelengths, and this, plus the fact that the scattering is proportional to

the partial pressure of the scattering species, make Raman scattering an

attractive phenomenon for use in gas analysis. Furthermore, Raman scattering

also contains temperature information.

Unfortunately, Raman scattering is a weak process. However, Raman

scattering can in principle be enhanced by using an incident wavelength near

an absorbing region of the scattering species. While enhancement of Raman

scattering due to continuum absorption has been observed, the largest poten-

tial enhancements are for the case of an excitation wavelength near an individual

isolated absorption line. Such an example has not been demonstrated. One
12example in 12 vapor was reported but has been found to be incorrect. 2

The problem is a technological one due to the stiff requirements on the

laser bandwidth, stability, and tunability. The bandwidth requirement comes

from the importzn.;, of not having any incident radiation fall within the

absorption line, since the res-iting absorption causes fluorescence at the

same wavelengths as the Raman scattering. Although this fluorescence is

stronger than the Raman scattering, its intensity has the undesirable feature

of being dependent on the partial pressures of other species in the scattering

region. The long life of the intermediate state in fluorescence allows collisions

with foreign gas molecules to de-excite the scattering species molecules, re-

ducing the fluorescence. The long intermediate state lifetime also prevents

accurate ranging.

The stability and tunability requirements come from the sharp dependence

of the enhancement or. the incident wavelength. Adequate tunable dye lasers

are just now on the fringe of the state-of-the-art, and the spectral coincid-

ences necessary to demonstrate the phenomenon with other slightly tunable

* This research was supported by the Advanced Research Projects Agency of
the Department of Defense and was monitored by ONR under Contract No.

N00014-72-C-0503.
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lasers limit the selection of gases to a few: each with its own peculiar

problems. Experience gained in investigating these molecules has shown that

demonstrating the Raman-like character of the return signal is perhaps more

difficult than finding th.at signal.
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T-he light souarces used for the ex-ir-ments are two Coher-ent -Rdiation

model 52B ion lasers, one with- an a--go-n tube and the oth-er a -ryvtn tube.

A prism is used as the high reflectivity cavity mirror to obtain lasing on a

single spectral line. A tilted Coherent RPdiatic.n stabilized etalon is used

in the laser cavity to force the osc ilation to occur on a single lon•gitudLnal

mode of the cavity. Tilting the etalon tuners the wat-elength over the gair.

bandwidth of the chosen snectral line. For the strongest line at 514.5 rM the

Ar ion laser yields mort than 0.5 W single mode, stable to - 10 nm over

several hours, and tunable over an interval of about 0.01 nm. On the weaker

lines the power is less and the turing range is smaller,

Scattered light is collected by a lens and spectrally filtered by e

Spex 1400 double monochromator using 500 nm blaze gratings with 1200 lines

per rmm. With narrow slit settings this instrument is capable of resolution

near 0.01 nm.

The light is detected by an RCA C3!000E photomultiplier which is cooled

to about -40°C. Photoelectron cunting techniques are used to reduce the

phetomultiplier dark signal.

The scattering cells are ryrex cylinders 2.5 cm long and 5 cm in diareter

with a pyrex window fused to each end. The scattered light is viewed through

one of these windows. The laser beam passes through the cell via the cylin-

drical wall perpendiculax to the viewing axis. A hcllow pyrex tube is

attached to the cell at one point on the cylindrical wall. In the case of

the cells used for the ClF work this tube led to a valve connecting the cell

to a gas handling system. For the alkali ratal vapor work this tube was

sealed off about 10 cm from the cell and contained the alkali metal reservoir.

An oven was made for the .-ells for the alkali metal experiments by placing

the cell in a brass cylinder about 20 cm long with the cylinder axes of the

cell and brass tube colinear and the cell stem projecting out of a hole in

the brass tube wall. Heating tape and insulation were wrapped around the

brass cylinder, and the ends were closed by glass windows. The laser" beam

passed through tw3 holes in the oven wall. A copper tube was placed over

the cell stem and a nichrome wire heater plus iihsulation were wrapped around
this extersion. Two thermocouples separately monitor the temperature near

tný end of the extension and at a point on the nell wall. To prevent metal I
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codnsattion on the cell ul th- cell wa kept 1 6ftO# waj- th .-r stem-

The tem.erat-res used for =st of the N work w.-'e ný?C at the Cali

2750 C at testem end, al'thouh the cells hat.e bee beated as bot as 42:?C..

At 425PC the cell tmurns bhron- !-. abouat 15 m.inates du~to reaction of the sod-itn

and preex. At 2a5PC a cell can be used for several 6ays, g ly daekenin=_.

Belvv abo--t 250°C thre 2s very little N 2 fluorescence te to the vapor

presstre be,.n- too low.

-his arran-g-=em-e-- using sealed off cells ices exper_~ent' ca fforeign

gas effects difficult. A new cell =%st be constructed for each freign

gas uressure, and the oven =ist be partially disse-mled and re-assembled

to n.-ae the cell. Absolute i-tersity coarrisons from cell to cell are

difficult to =ake with accuracy, since there is always an uncertainty in the

exact te=erature of the cell, and the vapor pressure is a strong function

of te=_erature. Further, the intersity from aeny one cell at constant te=era-

ture is not co-stant but decreases due to darken-ing of t_.; cell walls. -Thus

accurate quenching experiments would require a much more elaborate cell and

are beyond the scape of this i.vestigation. As discussed below such experi-

ments must be done with great care.

The apparatus -used in these experiments has been carefully calibrated

for use in absolute Raman scattering cross section measurements. The

calibration has remained constant over more than a year.
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Chlorine -f 1oriide, CIF, was selec-ted as a candidate for r-esrxace

___ ec-a-e its taaae be~inspeetrun in the visible matches

thee region over wthich a =abz~r of -K- and Ax ion lazer warelengt!?:s ar-ý a~' -;!

able. Unot~t~,these ezsorationý bands are extremiely Weak, ian We four-Ze

DOiandications Of absrption or fluorescencia Ordirtary Pzran scnatlterir* was

observwe- an its w~eechde aend-ence was zeasur=eda to be ,indýC~atin

t'he bsceof am.F r-esc~nasce effects.

4
The absorption spectrun ofc CI? vas reported by Wai-rba-Ftig in- 1942.

-xiis sho-rt letter renarts imolecularx cxonstaznts and band 1 'ea-ds, but does -not

give --ny inftcation of thle stre.-qth of the absorption.. Otberr band origin.z

are listed! b) Pearse anGCedon-. -Tte reucr-ted absor-ptioan consi sts of a

series oi bands Zrom 465 n-- to 523 rlm, plus - contikuw beyOnA the dissocinition.

limit at 465 n--. Six inrortant Ar anC Kr ion laser line.; exist in the int!er-

vral covared by the band absorption, .eAr ion line at 457.9 rim is un the con-

tinuum, and several Kr laser lines are to the red of tie absoriytion region.

Thus measuremant!G of the Raman scattering cross sections at a nui~ of I~besc

w'aveienath-s would be expecteiz tc show deviations from the (A) 4 wavelergth

dependenc'z. Furthera.kore. three laz';r lines at. 47,2 476,5, arid 496.5 rim

1lie w-I±th P. bands near t!he 'hand oxiigin. Calculations using the izo1czular

constants from Hierzberg iiciicated a density o~f absorptien lines rear 476.2 nu.

of about 50 lines per nm. Tpus it was like~v that naec or u.:re ClF absorption

lines would be within the tj-. handt'idth of an io,- lasE-r operating enl one

of' tile three ln:near band or~igins. Tbi-. woul~d afford the op-portunity

of t--m-ing a single-iwded iCs1 ].a.5er near a single absor-jt-on ýine to exa~mine

the re-enuiszi'n for resonance enhancemu-nt oiý Ramtan scattel31 ig,

B. EOxpriurental Results

The cell 1 w*!s initially -filled w~ith abhout 11 torr of CIF qa and the laser

be-am wzLs pasced t~hrougrh the cell. All the avalla::Ite )r znd Kr :L.jn lave~r 4av"-ý;

li-!nc~tils were triad. one at a cimo-, while- the cell was visually ohsexved for

signs of fluorescanc4, Fone ýias .zeer. This was xepeat'Id a, sevar~l jz..-ur~s

uL) to 2,10 tort with sti-I no ~sj~o- any fluorescence. Sinc~e the gas in: the

coll wa.- stiJLl c pr-ftLte.1v cli-ar and untIntedl at 2,30 to- it 4s nra,ý(it fthe

the lisLed ~'~p in n t~he visin.Le 'ruust b- very *;eak.
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re~ase ~rbe= m ntorzed for a yea-_ ad fca=4 Mo~t to 7a-rl iiat~

'. ae a.s~rred xate=sItxLes, of the ý- SCat-t-ZaIM ftfr= CIF a-t VL'-I fiVe'

Sf_-ar" C2rreczted_: for this lawz s7yýstem eia r a~ f-zr U ncdnto

normalize- in .sr-ities; sfro-%2 a11 be tite seIf nor resanast fetsar-e

oc~i~itw .ile!rtgrc effec-s s~z Acause susata dacsWiez

incident

-,e resiults, are shloa in TaMl i. The intersiltie_% shyd- nave bee-n

rsult:_.lied iq (ZI and arre roramalized to the inteonsitv obta2Ined us--*- th-e
514.5 no- incident vvel.erxch. ifith~in e;.riena errrx e r l qz1

ina-cat52.,j thie absence of resonance effects. The last entry i_- Table 7waS

obt-ained ussiag a Krr ion 3 aserr wavelength on a diffeerent day using a different

CIF samnlIe.

457.9 1.02

476.5 0.92

488.0 0.99

496.5 1. 0_

514.5 1.0

530.8 0.96

*TABIE I

Raman scattered intensity for six incident 4wavelengths.
The intensities have been multiplied by >... to eliminate
tile (1/xr,)4 dependence and are normalized to the Intensity
at 514,5, nm.
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sab in- toe ~.size ~dis2meeit- ,a D~a~~~.

i Iiz re.e 2fP th alWF = -- V -.am Esei vi..thirza

-z-.e =x-ime =the bim fre moze- f at, o ffxns

is 2 17iaasa hiha r a zaa .=or . sess re Bat~e a c& saz1aof - f rrz~n and

i4r t-. J=Pe tha-_: its Vihr'apor P~e~ssue uos-ld a~llr --prk at tempezta -t

tures. Is.eer, iad'5~ exner-L-eats elisinzatezi Cs 2on t:- Basis of, the-

nDsyxirv off its smec-Lra, ar- sasqo~ exeiet __us4 ana2

A re-anission inteznsit', uhiich cai.% be identified as restltirr= from re-sortaunce

with the 6 - 0 P(28! alsorotion line has been obserVed -With t-he laser ufcinl

farr fromc, this line -chat the re-emission is expected to be resonant R-ama scatter-

ing, bat we wer unable to dresons-tra--e its Razzaon-likze character.

3. CS2 Excoeriments

Cs. was found to em~it readily visible fluocescence when an A.- ion laser

a-- 486.0 nm was used as the excitation source. weaker f~luoresc. ro x- as ob--

served usingj ather laser lines. YI- was found, however, t-af even at 488 n~a

a temperatureý of over 3000 C was necessary t-3 obtain a st..-ng sigz-.al, pro'Ozb.'y

fte to a oombina lion of tha low- oscillator strenqths and small -Dolecular frac -

tion. The Cs re-emission showied little intensity change as tile single-imode

Ar laser was tuned over the gain ban~dwidth. of several laser l ines. The llnes

of th'q Cs 2 absorption spectrum are thus extremely fine 1; spaced. Further-Dore,

the total 2zessure of Cs 2at 300oc is over 2 tor7- and the individual absorption

lines may be broadjened by collisions beadding to overlap, Thi~s the- absorption

spectrum of Cs 2appears to be effectively a rcontinuum not suil-able for our

resonance experimentCs.

C. Na 2 Experiments

Sodiumd vapor yields 7xisible fluorescence when excfte3 with several Ar icon

l'aser lines. T'he flh;orescej-ce car. Ite observed as a* v21lbw-gre-n. line whcror

7I3



t!D beam~ ;at tht cr-U - es~~~ Ttz flmesef is xczdted br

tae ,• to = 2ix4e .r-zal altat_-•-ha:• =sn% t-A% M- MM "''-i.

lM --n te , bstzMe M.sif . Otb 11fr n Is Mof T'eezor_'- 2s,= of

eoci ated&=ti= Us #e-_ w the 4Th.. =5 6 .-

w e b.e ifI=-S=e SM -ated by~ tis at fiýe~ ia

S1ifles of lkhiý f~m'l V;It7hi= the t=&=_ ra~ge of c

no)&Ae medAz ic_ lser at 47S.-5 =. Therme 1; -ee ist n --- kle SIT

aia'si Uith their Ca1 -_aated •deeelengt_-s -'ý ti?- t cs.itic= Uithin

tE0 trning 'Are ide.thf led tma lies by 3e off ca4c74atted Sih '!eosentrs

=sig oIeM!ar cstazts !r== Faf- 6 and 23y oaserwati=n of the 5_fa1b rese.-•

szectra resaiAting ezciti=_ ear-h of thee ins Sz~tz-iaa techni-ps

19ave tzat azr h-cerfine strzt-re f (10 - 31 P (13) Is neb•e gle

9 -- 9red to the 24 edz natual ¶lridth, ad ue d mt expect I

s=uCture to be siscnificamnt for -~of tbe oth-er lins

Tr the inocnident iafielednthn heL on a Single isolnted aseortbion d t say

thre 6 -t0 (23) 1nvle, a single retatoninsate B ,, X o . state is culated

exciter, in this case the = 27 v = 6 sut-Nevel of thre B erectrwOnic legelh

Obser~-red Position z=<--- 476.5 =z
Transithion Casculated o , rm. Gain highrve

6 -0 P (28) 476-479 Near red enid

10 - 3 P (13) 476.470 Sligne t blue of center

11 - 3 R(501) 476.485 !iear blue erA

i- 9 P(l) 476.514 ea. center

19 - 9 R(7) 476.519 Near red end

TABLE 11

Transitions identified wiLhin the Art-ion 476.? nr laoer bandwidth. All
transitions involve a change in electronic state B tn- X bc t. The calculated
wavelengths use the molecular constants ion reference 6 and re wavelei.gths iln
air. The constants are loss accuate for transitions betwen higher vibrational
states. The last transition may aln o be the 19 - 9 R(6) line with a calculated
X of 476.511 rm.

Fluorescence transitio,.s can occu~. fromi this level to lower levels where allo~wed

by selection rules. We restrict our attention co tzensii-ions bacic to the X ILEg

ground electronic state. The only selection rule is then AM +I. These will

be two transitions to each vibrational sublevel of the ground stzte. For

example, the pair 6 - 1 P(23) and Rý26) are the onl~y allowed transitiono to
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t~z T z o~l~f thbe stte T'= 7ea 21 -ai*D ~ ar

cssts of a d _. She iý i .sev --• f=- M= zi r 3.5 i, a=d

the azu!aert Sap)athia= _f- Me=B& Ct J._ f= c B 15 cas ;s fab•-t 0..i

!ate mate that i" the onxyese enrs Cm - I -or 11- te me

tte C=tmm St'ate of th a==~~~fe h~r~~ s ~iso is tv= -1,

& n= 0- a rbe6 -l7•o-26,v lel-ed partine ryeS1tS in a met chandie ba -1e, A = -2..

resoM.n rflarescaere x-perents. is nato tam- Ve :eef sreame=

Curttein ow, itn-s the aser e f s-rom taacaer ratio the-oer

- t=- arBte- (cur the gi oueic ) wino')- cer. ts creeuratis.m re-e oiso

are c a-,, st_ 1; pr- e cearlty of the i fiied•nt sleated fth o to theorc) ienc

linve eo the _,a=er frotaioftwo ; e r of the stcfes enea-

tause by abri2) 1fes efects of the varioh gainor-uoe 1nterferets

476.wt5 mn San - can separated br cbs rhing the szeetrcu of the ref-rMeSSiout

We mate also tat omv scattlreis frminoledeses which are is Cnu v = 0 1i = S

state ca=r be enewodth of hez 0oxini3t P1 to the 6 t 0 P(28) IF .

whxnthe -Cie-.tWw___nft os cr-2 abo-rction likne, th flr

tnus a Weakeer doabnet fu. to the 19 - 9 P(6) widthe Liftes o6 ths latt( r

doublet are- clcse-,r togeth61er than tha first dorublelt and lie bezueen- tihe lines Of

t-he first doiublet. We noethat thep v = 9 level of the gro-n letoista~te

is some 1575 C= anove the v = 0 level and is exruchted to be r lslint atl pr u-

4-'

lated at 300 C aerxe kS is only - 400 C= -

T~his absorption line appeared pOtclal ro= ising as a candidate for

resonant Raman scattering ezpe-rare1 J s. It lies near the red edage of the gain

curve, allowinic ttunim; the lase-r from th-e center to =ore thar. 5 GHiz (- 0.0045 rum.

or rnear-y the full gain currve wi-Ith) off center. Thre resulting re-emission

doublet can still be clearly identified and separrated from other fluorescence

lines when the ±-azer iz tuned 4.0 C-11 from the center, alth'ough fluorescence-

caused by absorption lines neat 4the blue edge of the gain curve interferes

with this doublet further out.

The width o: this line is determined essentially by ics natural linewidtt.

The natural linewidth of the 10 - 3 P(13) transition has been measured by satura--

tion techtniques 9and found to be - 24 M-h%. The width of the 6 -0 ?(?8)

transition w-! are interested ir. is unlikely to be much different. No hyper-

fine s&-ucta're was found ix-. Rsef 9. The total sodiuma pressure, atoms plus

molecules,. is about 10-2 ., at 3000C. Under these conditions a molecule will

rjass within 1. rmz of r~nother uvo1ecuie. or atom about oncs eve-y 1.5 jis. Thi-z
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isabct '07 tiaers the Iufret-ime of the =51cz 1ea-m-, So- ine bmzdixi em

I = inm alact 2 x 10A - sec, Uhe moIL--e~1s svL-.zd abmat 10- caf tahe taime Withii-

I =r of a=V-q- atca arz molectra-. 21ý2, =less larer raenDse fur-Ces a=e im-

Partanrt,,wrreia of th esgL-- lemel by- calisdo'ms -hev ~t B7& immortant..

Emeraz--=e lva- de-r t iamas torces do e=-t:, ~tths:t -=e 11Irk-17 = I&herdk

to ca-,;- sigmmific=n ch=-=_es in the t~o ~e ine tzails.

Vhe- C-m -" 30--- e sr Of brca~eenin i;s doqplerr b~aa~enin. rorr our-

nur=oses it is mast COenien-t to I-reat the do~oler -- ei~ as a r in

of -., _-mCident lae ire.x ire thsCamsider a Laser- snactarm uzit-.i has a

gazsi r~smctral mrofile off width 1.5 QEz9 inciden or, malecuies Wh~oe

atsowtin =*Mie is lo--etz.%- -' wi~th a 24 3Sz natural !nrdt.

ifhen- thte lase-i is 4 GE~z the absoruti on Liecpater-, we are 166 line-4

widths ~av frý rýesonace.. Sinc the gaussian d~ppior profile of the laser

is doidn byr 4 z 20I' at tire absoxtI.on~ line center, wee Can aonsider the !.asea

raaiation as effectimvelv co-ntained within its gaussiann -sidth of 1.5 Cz

lase 1 s t&hen smuread over the region f 3,.25 to 4.75 (--z a7^2- fren=

resonmanae, 1. e. ~, on 135 to 200 Linewijdikrs Ift-om reson---'.ce_ -is is- fart

enough remaved tha-t 1we ecn~ec- the omserrqed retur-n re -- missio~n signma! to 120

R-a.zan-1ike, i-e., to ise resonant Raran scatter-irg-

Several exper-imnets can, in mrinciple, test whnrthe signal is resozýnL~

Renapn s-catteriLng, ratherr than ffluresmence- Them importaint. distir-SmLshing propez-.ty

is that -Raeran scatter-ing is ind-ep-edem-t of foreign gas messure, d. t -es

not ouench. While si=nle in nzincin-le, consid~erable care is necessary in

ibntearpreting. exepeerimeitts based op this test. ---f our excitat-ion waveiengtb is

in the tail of the a]bsormtion line. but close enou-Sh so tha-t the re-emission

is fluorescence, int-roduactior of a foreign gas- can still lead to little change

in the re-eriissi-.n over certain pressure raiwgfes. Foreign gas pressure can,
10.

.:n fact, cause ar- increase in fluorescence .To se.ý thi,ý, we r~ote that a

foreign gas has two effects. The first is to collizionally de-excit~e some

of thte molecules, w-.hich qruenches or reduces the fluore,:scenc-e. Tie second is

to bioaden the absorption "Line. This bruadening causes more abso'ption in

the tails where our excitation wavelength i.s. More absorption reans more

exci-kation Which will tend to increase the fluorescence. Under appropriate

conditio~ns this latter effect. daminates and tnc. fAluorescencs. rises. Yntr'?-

duction of nare foreign gas will eventually broaden the line sufticlently to

encompass our excitation wavelen~gth witnin the increased linewidth. iurther
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b=B== 691 ral et- 4-6r7t~io, Z: ý- the f ntezsitv.

ýd" 6ecre~asia_ T~- forreic= gas p~resse =-e enacexrintre ie

c=-efull -esurement~s of' the r*-exission intensit:. at a n~rof foreign

gas 7_ssev~res. =_or expe_=-mtent_! r~azýn (see section XU)suheernet

are Very7 eiffICZ:1t in ~a

?acreign gas mIeles1 can ca-s cal lsional tranfer o -ecttcaeeg

ta otirjer excited stat-cs fron the- opti-cally1 ap~ed ones, CausimC the appea-ran-e

of fluoresc-nce from. these otker- excited states.-~ presenice of radiation

froz states wh~i ci are zwrumlated byi co'l I ional t-razrsfer 'ro= ther cjati~cally

na=-_rEd state- Zis in;- itself evidence that the re-emission is -fluorescence rather~

than Ramran scatteringz- ft:-e interi~ediate state lifetime is too short to

allow colsir -' enching, it is too short for collisional transfer. Suchi

fluorescen-ce fro= ne.'t-v rotatumal states rocalated by collisional transfer

for m. a -eadil 7 vilsi~ble array- of fluore-scence liz-es -in eacb- ;ibrational fluor-

iierrcaze ba-nd in fluorescence svectra from 2 Vtanor . inis fluorescence is

irib-S.icea by 1 2 1 collisions inn thie absence of any foreign gas and increases

Lin ince-nsi-ty very rapidly -with lowi pressures of a foreign gas -

Such flu--rescence is. however-, not visible in pure iia. even when the

laser is centered on a resonance and the signal is thus ;anoan to be fluorescence.

This is probably due to the short lifetime and low collision frequency. we

con~st~ructed several Na 2 scattering cells with various pressures of 2.r gas

in an attenot.' to cause co~lisional transfer and generate this -fluorescence.

only very faint trac-es of -fluorescence from states populated by collisional

transfer was found. This fluorescence would be too weak to see when exciting

the resonance in its tails even if it raintained a constant ratio to the main

fluorescence froma the optically pumped states. Argon pressures up to 50T

-eers used; at this pressuire the fluorescence was severely quenched on the

resonance center. We are unable to state an accurate quenching figure due

to difficulty in. comparing intensities from cell to cell, and can only say

that the que~nching on resonance center was at least a factor of 10. The

qaenchirng with excitation in the tails appeared less but we cannot say that

none oz~curred. The factor of 10 quenching or, line center indicates that

COlListions are clearly the dominant de-excitation process; the absence of

fluorescence from statebs populated by collisional transfer indicates that

th!ý Zavored collision result iz te de-excite the molecule rather than trans-

fer its energy to another nearby excited state.

43,



n! en cD aea-ed to ordinar', aya scatteUrin-g from niltroge-n gas, the rE-

e~ision we obsenred i-n Na 2 is emnhenced by about 10 7. This figure w,.as

obtainred usin-g the vaiae for the Na2 roleculerx fraction from Ref. S. In

viewk of this large enacrnit uo-ald be- inde&ed hinte-resting to deterni-ne

w-Bethe'r th-is re-erdssion is resonanmrt -Raman scatternini". The necessary quench-

ngeypearimments arre possible bzt. arre beyond t~he scome of this investigation.

44 12



Vi. CwC'sioi

The visible transition rates of CIF gas are too small to cause observable

enhancement of Paan scattering. The enhancement is proportional to the

product of two of these transition probabilities.

The absorption spectrum of Cs2 molecules consists of lines which are too

closely spaced to Dermit isolation of resonance effects due to a single line.

With the incident laser spectrum spread over an interval from 135 to 200

linewidths sday from the 6 - 0 P(28) absorption line of Na2 , we observed a

re-emission signal which is caused by proximity to this absorption line.

While the separation from resonance suggests that the re-emission is resonant

Raman scattering, we were unable to demonstrate this. This re-emission is
7enhanced over ordinary Raman scattering from N2 by about 10 . Careful

quenching experiments should be able to determine whether this is resonant

Raman scattering.
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I€
INJECIMON NAR1RW-ING OF A FL.S-HIAMP-PU{PED DYE UASER OSCIILATOR*

!

I. 14TRCDUCT!I)N

o he tunable flashlamp-r'umnped dye laser; for which output energies of

up tc lJ have been rep, rted offers a possible laser system to meet the

reiorants for remoa te atmnsphdroc probing and undersea illumination. For
more effective usc of resonance fluorescence (FRF) or near resonance Raman

scatteri.ng OIRRS) phenor.;na in remote probing applications, not only must

the bandwidth and stability of the probe laser be on the order of the ab-

sorbing r newidths ofw td e species to be examined (typically on the order

of i0 nm), but also maximum beam power is reluired. These two require-

menqs, a narrow line at high power, are usually tncompatible.

d if a relatively high flashlamp pumping rate is used in order to obtain a
useful output power, then threshold is exceeded over a broader spectral

region and a broad band output is obtained. To obtain a narrow linewidth

requires wavelength dispersive devices to be placed in the laser cavity

which give rise to significant intracavity losses, and still fail to produce

adequate narrowing at high power. Thus, the presence of lossy intracavity

dispersive elements and the reduction in pumrping4 rate requ.ired to obtain a

narrow line emission prevents utilization of the full power capability of

the laser.

2
A. J. Gibson2, for example, designed a flashlamp pumped dye laser for

atmospheric probing with a spectral linewidth of 5 x 10- nm by using three

Fabry-Perot etalons of successively smaller free spectral ranges. Gibson

obtained a 10 mJ output pulse energy when the dye laset was operated broad-

band at 10 nm emission width wiLh no etalons in the laser cavity. With

the first etalon in the cavity the spectral width decreased to 0.3 nm and

the pulse energy dropped 30%. Placing the second etalon in the cavity brought

the spectral width down to 0.05 nm with a 50% decrease in the pulse energy,

ard when all three etalons were in the cavity Gibson obtained the 5 x 10- nmi

spectral width with 3 mJ output, a 70% decrease in the output pulse energy.

This gives a net qain of 600 in the energy per unit wavelength, however.

• This fesearch was supported by the Advanced Research Projects Agency of

the Department of Defense and was monitored by ONR under contract No.
NOW0 4-72-C-0503.
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Anzther krvpzoach to n- laser trans-mit-ar fcr reri-ote probing wU10-d bee tc.-

zraiplify a la-~ rYwe'r freaulen~cy-narrowed-a.-cd-stabili?,e-d dye lazer Viihh a hiq1h

ponwer anipli-rier. Hoc'..e~r, thii is ý,,*t an efficienc way to obtain the 1ar':,:

~s-e ~aesand narrow liriewizfths xrequired. ?or luz input rxywur ýh6

amplifisr is operating in the sinall ig! za,-iiifyiN regirle,, and a large

any-upt of the amplifier pump light is going iistza 51i orecizence rather than

stimulated emission. Usiaij publishe~d :esults for maxim~um unsaturated gain

of a flash ldmnp-puinrted dye laser with rhoda-~rtr 15" ý:.e car. estuinmtr the

amnallI signa.L gain of a high power cormmrcial dye laser w~hose active length

is 23 cm to about 8.4ý db voer pass. -.L'us, t:ýe 3 m3 out-&p-l- of a single

;mded dye laser would be av-plified to about 21 WJ. This commercial dye

laser however, is capable of emitting 2J of laser cner7gy in about lits when

operated as ?n csci~lat-)r 'with broadband reflectors.

Another approach to obtain a narrov' spectral output fron 3L high power

dye lazer is to use injec-tion rnarrcwinq. Here a low pofuz. spectrally narrow

radiation field is injected into the optical resonating c~avity, of a high

power dye laser oscillator at the time the laser is triggjered.. if the

density Df the injected photons in one or mort: of the cavity modes is

considerably large~r thai; the densit-y of photons fiom spontaneous emission

in all the cavity modes then the lase-r Gscill.ati.on preferentially buil.ds up

on the injected radiation field rather than fron: tt.e spontaneous emission

ncise, as is the usual case when the in~jected field is inot present. This

narrowing technique depernds Li. pa.rt cn the spectral broadening of the dye

bcing homogeneous, so th,-t the desixeý! --c-1es arc ir gain-competit~ion with

all the undesired modes. In ý;racti -e. this; is found to L~e true t~o a hi.gh

degree. The hiqh power oscillar-or, theii, cans be, made to lock its oscillation

to an injected radiation field --hat has built up in the rcscnatinq! cavity

modes. In this way the high power la.ser emiission cani hal~e the same spectvaI

and beam divergence qualities as the inject-ed radiation.

injection narrowing was first denyonstrated by Ericxson and Szabo 4withb

an 142 -lasex-rumped dye laoar and a pulsed ur'qon laser, They reduced t.he

suectral widdth of the dye laser from, 40 to 0 00016 nin with the injection of

50 MW of 514.!5 nm a~rgomi laser light. With 0.5 4-atts of iniected power about

80% of the dye lasei enexgy was spectrially sccdenzed int~o tho narrow lina-

with the re-maining 20% staying in th:) wing~s. 'nhe spectral intens-'ity in the
5

narrow line is thus 2 x 10 times thai- in the wirngs. Injection narrowing

2
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nas also been observed with a cw He-Ne laser as the irAje-tion sou-cz for a

laser-pumped dye laser - Recently G. Magyar and j.J. Sri-Jer-.natzei used

a 10 7um, 55 uJ, flashlamp pumped dye laser tc- injectticn narrov P hi.g
•m:rzy fihbu~p_ pumed dye laser 6 . They obtained at least 90%. of the total

ener•-y of the syst'm-- in a single line about 10 rm wide. 'The effective_

energy gain or ratio of the final output energy of the inject-ed high tower

oscillator to the total energy output of the low pRer laje tion laser sas

20G. When the system was used as a conventional osci_±atur-regezera7L.ve

amplifier as in Ref. 6 an effective energy gain of on.-y 2.5 w-s ontained.

The injection narrowing technique has the advantage of allowinc one to

use a convenient low power*, frequency-narrowed-anJ-stW,4ili-e.I &ye laser to

zau-se oscillation of a high power dye laser to occur with the same spIectral

quality as the injection laser. In this way a large fra:±.ion of th.e hiub

Dower output obtainel in broad band operation can e placed in '-he emission

width of the injected laser beam. Potentially, then, U-bis prCeesr colilct

be more efficient than directly narrowing a hic- _cwer oscilt a.•or wit di s-

persive elenents or using an oscillattr-amplifier comkindtion. in the

next section we will describe our injection laser experimen'.s, and tler. in

the following section make a comparison of injection narrowing ii th tue

other aforementioned methods for obtaining a large energy per pulse wit.h

narrow spectral emission.

*bN low power dye laser we mean one ,hose puimping rate does not exceed
the threshold pumping rate to a large extent as compared to one that is
driven to several times the threshold rate for maxirarm power output,

3



The i-njection-narrowing Pxperinnts reiorrted hs-re utilized a low

power, 3"s-long pu.lse, fla--h-h---"v-•med dye larser to ijection-narrow a

Candela model ED625 coaxial flashlas= dye laser that is capable of exittinm

2 joules in a 1gs pulse --id.th, Since flasi -_uad dye lasexs are
usually trgered y spark gas, �synhronization of tw- lasers Whose rise

tinoes are a small fraction of a -icrosecond would he_ erratic bo~causa of tre

inh.erent Jitter present in the triggering spark gal.-. Evy using a longer
3-,,.i pulse f•or the injection laser, the s-Afmicosecond jitter in the t~iqger-

ing is -no lor.nex a problem and synchronization can be achieved cn nearly
e-,r:-ry s:hot.

injection laser is srectrally narrowad using a 1200 L/lam diffraction

grating ajd a resonant reflector to form the laser cavity. The resonant

reflector was constructed by coating both sides of a thin parallel glass

plate with a 50% reflecting dielectric coating. The maximum reflectivity

of the resonant ref-uctor at its selected wavelengths would be more than

S0%. When the injecticn laser is pumped about 20% over the threshold pump-

ing rate, its emission consists of one to three lines whose widths are

near 0.1 nm. The separation of these lines, determined by the iree spectral

tange of the resonant output reflector, is C.48 nm.

Figure 1 shows the expezimental set up used to examine injection nairow-

ing of the Candela laser. The dye used in these experiments was rhodamine

6G and the center wavelengths were around 590 nm. Referring to Fig. 1, the

injection laser, whose beam is represented by the broken line, has a dia-

meter about 3 mm at the exist of the laser. This beam diameter is expanded

by a factor of 10 times in order to fill the 16 mm diameter aperture of the

Candela laser. About 35% of the expanded heam is reflected from a beam

r plitter and sent along the optic axis of the Candela laser. The output

refle:-to. of the Candela transmits 75% of the incident injection laser beam

end allows the injection laser's radiation to build vp in the lasing cavity.

TThe two lasers are triqgered with a combination Tektronix 162 waveform

generator and tw- 163 pulse generators. Each pulse generator sends out a

trigrger pulse that can be delayed relative to the other in order to syn-

chionize the flashlamps so the short rlse of the Candela laser occurs near

the peak of the injection laser's output. To meet this conditicn it is
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~ec~sr:to '4elwy Cýw -i~e c xý C',e laser ny 32ot i3;.s relacire

to t ztI .±'. laser tri -tc - Isla~ :_Ijectln lase~r Js i0-dtored

7vPýw la =;tc.~ieý I-- L~tci he ~srsignal fr-o the zero) order

rflactiva of the qlri~.-i z rtir=. TInhs zjgmal is displayed an a asal

be~ sc~3~,so~ h~vitb 4- f~aa:lzS =rz~ onktor signal ftr=s the

Zsel1lasser. :n this war~ one X-n set and cb4'Ck the qymn&.ronizaticn ol

the laIsers, frCM srgot to shot_-

III- Can&wla Yýasex uas aligened with a Bcý4Ze alicrm-ent. !aseer and then. th

ceqan'd injec-tion- lase 'zoa 1 was alicred Coli.re7r wit the ie--Ne lIser

beiu. Aft-r passing through. ths beam --nidtter,* tlk Can-deLt laser beam,

represented by t~he 11ashed acrow, 1was attsmueted ty reflection from a wedged

glas;s plate anc; then. i-ith a. Wrat ten s..ettral 5-ersity 2.0 filter. T'he beam

was then senlt to a .Jarre:Il-Ash I meter Qc.-ezixy-Turrer spectzog-raph ;.here a

snectroaram of the Candela laser was- taken or. Polaroid typee 55 po~sitive/

negative film. The resolution of tha spectrcv-r4 ph io about 4 i 2

Spectzograms wer-e ma~de un6er different -:onditior__s w~here the lasers

were synchrarnized or unsynchronized, one or the othei laser blocked to

prevent oscillation,, and both lazers unblocked2. When thle lasers were out

:-. 5y-nchronization and tuiblocked onjy the broad bfend em~ission of the Candela

l..ser was recorded on the film. In this case the mw~ch lower intensity of

the injectio.-n laver t-hat was reflected back from the CandelAa mirrors was

not 'qno'igh to expose the iilm. When -.::e lasers were brought iLnto proper

syncitroni~ation, however, injec~tton narrowring was easily ob)served since

the m~uch Parrover emission linewdidtlb of the inj(,ýtion laser was predondinant

on t~ie film-.

Figures 2, 3, and 4 wezc, made by tt~cing microphotcineter treces fro-m the

Polaxoi3 negative film. The verti;al axes in: these f~igures can be related

tc the intemsil-y of the incident light in one portion of -*-e output beam.

Using a calibrated ster. attenuating filnm to check the rdicrophotoT.Yeater.

however, it was determined that the orl]inata is not a linear scale in

intensity and to, preserve the proper relation' betveen low intensity and 1.igh

ii~tensity portions~: of the traces, the hiigh peaks in Figs. 3 and 4 shov.d be

al-ut. 30% higher then shown. The hoz-ii;nt-xI a:,i';, -D4 rcourse, -eore'-ezjts

wav,:length with the sczale shown in Fig. 2.

6. .L A i



I
Fig. 3 Output s-pectrum of the Candela laser with injection.

t

• I ""
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--- WAVLET

Fig. 4 Partial locking of the Candela laser spectrun, w4.th injection.
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S 'tau- e 2 shoaus the outp-et of t- Cadela lasr alone.. Te baondwith of

the emr sin is aro d 4.0 ;!b.. i t casrn be Ien iram aer 2 that the emission

soectrwm is modiSulated to a airle igh laere.ss LTs caused by interfer-

ing t reflections in- the resainet ong laetyr frosn th r ,i-ef thoe optical

cell that conetaihns the ftoning dye isshe io>e-idela laser in this

"instance wras emizt-ting a~bout 0. 0.. Pignire 3 shcr-s the result I.Lrder ident-icall

conditions as those of Rig. 2 elxcen that the injection laser is unblored

"_-c s••oýtrtraize with the Caanderla laspere In Fig. 3 we see tsr erission

spectra is that. of the hirectio e laser but the beao energi0 s are of the

order of those of te Candela laser. dfthe Candela laser, than, has essentially

locked its output to ttfe injection laseres swe &truml. The two emissicn peaks

represent two modes of the injection laser'ed resonant reflector anth are

separatedoby 0.48 an. There is also a barely fresolvable fnme str satur

contained in each of the two emission peaks. This is caused by interferih g

reflections from the dye cell wir.ows of the injection laser- A micro-

otozCiter trace made at a slower speed more clearly resolves the structure

in these emission peaks and shows that the longfir vravelength peak aoutains

4 sutbeaks of which the third subpeak is crzduced about 30% from the other

3 subpeaks. The amount of reduction of the third subnear and its r spacing

relative to the fcionzt subpeak agrees witdu the edulatien depth and spacirb

of the Candela laser modulation as observed in rig. 2. in anothez spec-

trogra-m taken at a Flightly different wavelength )ne of th..! two nmin peaks

ba:: only one subpeai.. arnd a half width of about 5 x 10 uran. This is abouc

theB resolution of the spectrometer so the actual emission width in this case

was somtewhat smaller.

Considering the losses of the beam elevator and director, the beam

expander lenses, and the fraction reflected by the beam splitter, about 22%

of the injection laser's output is dire-cted towards the output reflector of

the Candela laser. This output r3flector transmits 75% of the inciderit

beam allowing the injected radiation to build up within the Candela resonator

c~avitv. The smaller bore diameter of the Candela laser with respect to

t:he expanded injection laser beam diameter reduces the injection power by an

additional factor of 27.4%. The injection laser power transmitted into the

Candela laser cavity, then, is about 4.-/% of the output of the injection

Laser. The PIN 10 photodiode, used to monitor the injection laser, was

calibrated by simultaneously measuring the output power with a calibrated

8



!-- vacuur• photodiode and diffuse reflect-or. For the spectrogran in. Fig. 3

the Pni 10 diode monitor indicated that the injection laser uns generating

about 230 vatts at the tire the Candela laser fired. in this instance, then,

the i:njected laser xOier sent into the COndela laser cavity would be about

11 watts. For a comnarison we can estimate the amount of fluorescence power

generated in th-e laser cavi-ty modes by considering the fl.unrescence emitted

into the solid angle of the laser beam. Estimations of the conversion

efficiency of electrical power driving the fL,';hlamps to light powrer ab-

sorbed by the dye laser pump bands, the qaantuws efficiency for fluorescence,

and the shift in wavelength from absorption to fluozescence gives a factor

of about 0.3% for the conversion of pumping Dower to fluorescence power.

This conversion efficiency is slightly greater than the measured 0.27% laser

efficiency at the 300 W peak pumping level used for Figs. 2, 3, and 4. The

threshold pumping rate was found to be 90 1'. Therefore at this pumping

rate we would have 0.27 HI4 of fluorescence power. Since the fluorescence

radiates into 4T steradians, we can estimate the amount of fluorescenre

that is radiated into the cavity resonator modes by considering the frac-

tion of the total solid angle incluaded in the laser divergence angle.

Allowing for two directions of emission ana a divergence angle of 2.5 mrad,

we get a fraction of 0.78 x 10 -6. Multiplying this fraction by the 0.27 191

we obtain 0.2 watts of fluorescence generated into the Candela resonator modes

near the threshold of oscillation. This is more than an order of magnitude

less than the injected laser power sent into the resonator and causes the

Candela laser to emit practically all of its energy into that part of the

injection laser's spectrum that builds up in the resonator cavity modes.

Spectrograms taken where the injection laser power was several times smaller

shows a considerable amount of broad background radiation. In this case

the laser was only partially locked to the injection laser spectrum. A

case like this is shown in Fig. 4. From this figure it appears as though

the injected signal depletes the long wavelength side of the Candela spectrum.

It is also interesting to note that injection locking can be observed even

when the injection laser's emission lines are shifted in wavelength to lie

outside the natural emission wavelength of the Candela laser. In this case

lasing action is observed at a wavelength which without injection ýould lie

below threshold.

11 812:
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171. CONCLUSIONS

These e.Txeriments confirm that a relatively small amount of injection

power can control tle spectral distribution of much larger power levels

produced by a dye laser oscillator. Many spectrograms have been tal:en witi,

the injection laser system described above with different pumping energies

eand injected power levels. They show that the injected field must compete

with the fluorescence power generated in the oscillator resonator modes;

and a minuscule amount of injected power in a high power oscillator will

not lock the oscillator to the spectrum of the injected field. The injected

power requirement for locking the oscillator is relatively small; in the

results demonstrated above 11 watts was more than sufficient to lock the

oscillator driven .by 300 MW of flashlamp pumping. Even t.ough injection

narrowing of a high power oscillator does offer a very attractive alternative

to direct frequency narrowing techniques and oscillator-amplifier combinations,

100% utilization of the output capabilities of the laser cannot be made

because some output power must be sacrificed from the oscillator in order

to be able to inject the field of the frequency narrowed laser. In our

experiment this loss came from the beam splitter that was placed external

to the oscillator cavity. In practice, however, this loss could 1e reduced

to a few percent by choosing appropriate reflecting optics for the beam

splitter and properly matching the beam sizes.

One could, for example, use a Brewster angle reflector as shown in

Fig. 5a to reflect ths injection laser beam along the optic axis of the

oscillator. The reflected beam could then be sent through a 450 rotator

and then into the oscillator. The oscillator cutput would lock to the

polarization of the injected beam an., traveling in the opposite direction,

its output would be rotated an additional 450 and transmitted by the Brewster

angle reflector. The losses in this case would just be the losses of the

rotator. Another scheme that is very attractive is shown in Fig. 5b. In

this case the output reflector of the injection laser is also used as the

high refiectivity reflector of the oscillator. The loss to the high power

oscillator would be in the reduction in the reflectivity of its mirrors

required for injecting the tuned laser. The beam expander in Fig. 5b

matches the small beam diameter of the injection laser to the larger diameter

of the high power oscillator and makes the tilted etalon more effective

in frequency narrowing. By placing the injection laser at an appropriate
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INJECTION LASER

,VERT. POL. A450 ROTATOR
HORIZONTAL POL. \

11 DYE CELL

BREW. ANGLE 25%REFL. 100% REFL.
BEAM SPLITTER

(a)

TILTED ETALON REFL. GRATING
DYE CELL DYE CEL

30% REFL. 95%REFL. BEAM
EXPANDER
(b)

TRANS. GRATING
DYE CELL - -\ ,,TILTED ETALON

3 3•6REZýFL. ý9 5 ýOL•o R E F L/'P"V"a BEAM EXPANDER

"DYE CELL
;I00o %REFL.

(c)

F•g. 5 Injection laser systems design

(a) using a Brewster angle plate for efficient injection,

(b) using a common reflector and a reflection grating, and

(c) using a common reflector and a transmission grating.
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angle relative to the oscillator, a transmission type diffraction grating

could be used after the tilted etalon as shown in Fig. 5c. This would make

better use of the beam expander for frequency narrowing. For this case a

100% reflector would replace the reflection grating of Fig. 5b.

In comparing the efficiency of an injection narrowed laser system with

a narrowed oscillator system consideration must be made of the additional

energy required to drive the low power injection laser. For exzmple, if a

linewidth requirement is only 0.3 nm, direct frequency narrowing of an

oscillator will decrease the broadband output by only about 30%. Using

injection narrowing, one would be capable of achieving the same linewidth

with only a few percent reduction in the oscillator output capabilities; but,

of course, this would require another laser with additional power consumption.

In this case direct frequency narrowing of an oscillator wouli be advantage-

ous. On che other hand, for very narrow emission widths on the order of
-3

5 x 10 nm or less, the reduction in output capability with direct narrowing

becomes 70% or more, and injection narrowing becomes an attractive alternative

to direct frequency narrowing.

in order to achieve the output power levels with narrow linewidths

which can be reached by injection narrowing of a high power oscillator, a

conventional low power oscillator plus multistage amplifier system would have

to work under small signal gain conditions for most of the amplification

process. Not only is the small signal regime intrinsically very inefficient

for power amplification, but also the losses associated with a multiplicitl

of amplifier stages (or multipassing a single stage) and the losses to

fluorescence when operating in the small Signal amplification regime would

combine to make the conventional oscillator-amplifier appr( ach impractical.

In summary, then, it has been demonstrated that injection narrowing is

a realizable approach to obtaining high power and energy per pulse with a

spectrally narrow and tunable output. For linewidths on the order of a few

tenths nanometer or more, direct narrowing of the oscillator with dispersive

elements in the laser resonator cavity is the best approach. However, for

narrower linewidths as required for resonance scattering (on the order of

a few thousandths of a nanometer), or possibly for lower beam divergence

qualities, the injection laser technique appears to be the best approach.
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THE DYE-ZTIC-Z-AG-FACE-P~jPFDLIr LiASER:
J

A HTC_:.• AVERa.GE POWE,-R, HTGH BPI--.GTY.SS TL-M-BLE LIASER*

J
4

R.L. St. Peters4 and D.J. Taylor

I. INTRODUCTION

Dye lasers, which use an organic fluorescent dye in a liquid solution as

the active medium, are the most important tunable lasers operating in the visible

portion of the spectrum. This spectral region plus part of the near IR can be

continuously covered using only a few dyes, and frequency doubling techniques i

extend the tuning range to at least 250 nm in the near uv.

One of the important limitations on the average power capability of dye

lasers is the distortion caused by thermally induced inhomogeneities in

the dye solution. The dye Zig-Zag-Face-Pumped Laser (DZZ-FPL) configuration

reduces these inhomogeneities by uniform pumping of the dye solution and by

rapid circulation of the dye solution through the active iegion. Furthermore,

the optical configuration is such that the residual distortions are largely

self-canceling, resulting in a very small net distortion.

We have constructed and tested a prototype DZZ-FPL in order to determine

optimum design parameters, to establish a basis for predicting the performance

of future DZZ-FPL designs, and to demonstrate the low distortion properties and

high average power potential. With one kilowatt average input power at two

pulses per second, no distortion was observed. We have achieved average output

power of 1W at 3 pps. The low efficiency of 0.04% is a result of the particular

configuration; higher efficiencies and outputs for the same input aze possible.

T this research was supported by the Advanced Resea-rch Projects Agency of the
Department of Defense and was monitored by ONR under Contract No. N0014-72-
C-0503.
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The core of thre DZZ----?L is a series of transparent prisMs with channels

between them, as illustrated in Fig. 1. This prism assembly is housed in a

long glass box, which also encloses the dye reservoirs. The dye solution flows

vertically through the channels and is optically pizpDed by two linear flashlamps,

one along each side of the structure. The end prisms have faces perpendicular

to the axis of the prism structure; this axis is also the optical axis of the

DZZ-FPL. The lamps are en-closed in reflectors which direct the pumplight toward

the dye in the channels. An end view diagram is shown in Fig. 2.

In order to contain the pump light within the dye channel-prism core until

it is absorbed by the dye, the prisms are alumninum coated on the top and bottom.

These coated surfaces and the lamp reflectors form a nearly continuous reflective

cavity open only at the ends and at the necessary holes for dye flow, lamp

electrodes, etc. Since aluminum coatings come off when bathed in the dye solu-

tion particularly under punplight illumination, the aluminum was overcoated

with SiO, and the prisms were then baked in air at 300 0 C for 18 hours. The

aluminum coatings resulting from this treatment proved quite durable but still

showed some degradation during the DZZ-FPL ÷* ting, perhaps due to small holes

in the overcoat.

In order to keep the loss due to absorption in the prisms low, the prisms

were made from Dynasil 8000 grade low schlieren fused silica selected for

freedom from bubbles. The prisms were cut with the deposition planes of the

material oriented perpendicular to the optic axis to further reduce schlieren

distortion. The windows at the ends of the DDZ-FPL wcre made of BK-7 optical

glass initially. Subsequently windows of fused silica with multi-layer dielectric

anti-reflection coatings on the external surfaces were used, resulting in a

substantial performance improvement as described later.

The optical aperture is 3 cm by 3 cm. Ten channels were used with various

thicknesses as discussed below. The overall length of the core structure, which

varied slightly with channel thickness, was approximately 30 cm.

The electrical circuit used for the single pulse measurements is shown in

Fig. 3. Separate 3.5 1f capacitors for each lamp were charged by a single DC

supply through 100 kQ resistor.. The lamp cathodes were connected to a common

triggered spark gap in order to assure simultaneous firing of both lamps. This
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Fig. 1 Top view of Dye Zig-Zag-Face-Pumped Laser.
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Fig. 2 End view of Dye Zig-Zag-Face-Pumped Laser.
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Fig. 3 Electrical circuit for pulsing DZZ-FPL flashlamps.
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circuit was later codified fcr the gain and distoition measurements. insýLal-

lation cif separate spar). gaps for each lamp reduced the jitter in the delay

bet-•en triggering and lao firing from typically 40 )sec to less than 1 Psec

while still providing simultaneous firing of both !a'-ts, so as to allow synchro-

nization with an external oscillator for gain measurements. For the repetition

rate measurements a Hipotron-ics pcer supply, capable of 2 amps at 15 kV, pro-

vided the charge on the 3.5 hf capacitors through two 15 kQ resistors that were

cooled by flowing transformer oil. With this supply the risetime to the 65%

point of 140 msec (more th-an twice the expected RC charging time-constant of

52 msec due to an internal saturable reactor) effectively sets the maximun.

repetition rate at approximately I pps 'the dye flow rate, discussed below,

also limits this system to 7 pps.) Consistent firing at 5 pps was observed with

virgin lamps and freshly cleaned spark gaps.

The dye flow arrangement in the DZZ-FPL is shown in Fig. 4. Two inlets

on the bottom and two outlets on the top were used. The inlet at one end and

the outlet at the other end were partially restricted by a section of smaller

diameter tubing. This arrangement was necessary to assure a good dye flow

through each channel. A pump circulated the dye through the DZZ-FPL, a dye

reservoir, a beat exchanger, and a coarse filter. Tap water was circulated

through the other heat exchanger chamber. The dye flow rate was approxiimately

90 ml/sec, so that exchanging the total volume of dye within the channels

required 0.13 sec.

J

5 70



OUTLET CHAMBER

END WINDOW

END
WINDOW

CORE ASSEMBLY

INLET CHAMBER

Fig. 4 Dye solution fluid flow pattern.
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ITI. SINGLE PULSE M9EASUREMENTS

A. Parameter Optimization

Early developmental work on the DZZ-FPL had used a version with channels

6.3 mm thick. The optimum concentration of Rhodamine 6G in ethanol was fourd

to be approximately 2xl0 4 M. Observation of the flow of dye solution through

this early version made it clear that thinner channels were desirable, since

for example the solution tended to swirl about in the channels rather than

flowing continuously through them. Use of narrower channels requires a higher

concentration if the same number of dye molecules is to be maintained in the

active volume. Substantially smaller channels require concentrations higher

than those found in the literature and it was expected that at some point dye-

solvent interactions or other concentration-dependent effects would reduce the

performance. The first part of this investigation was to experimentally deter-

mine the minimum channel thickness and concentration at which the single pulse

performance could be maintained.

For these measurements the DZZ-FPL was used as an oscillator since oscillator

tests are simpler-than amplifier tests. The cavity consisted of two mirrors,

each 5 cm in diameter, spaced 77 cm apart. One mirror had a 5 m radius surface

with a broadband high reflectivity coating, the other was flat with a transmission

measured to be 18% at 595 nm, the measured wavelength at which lasing occurred.

All tests were made using Rhodamine 6G in ethanol as the dye solution. The

optimum concentrations for each of these channel widths were determined by

threshold measurements, and it was also determined that these concentrations

yielded the maximum output for a constant input pump level.

An ITT vacuum photodiode with an S-1 photocathode and a factory supplied

sensitivity vs. wavelength curve was, used to measure the energy output. The

wavelength of oscillation was measured to be • 595 nm using a small hand-held

grating spectrometer and confirmed using interference filters. The output of

the DZZ-FPL was incident on an approximately Lambertian surface whose scattering

angle curve had been measured. This surface consisted of a layer of MgO about

6 mm thick covered with 2 thin layers of Eastman Kodak high reflectance paint.

The detector was placed so that it viewed this surface at a known angle to the

normal (near zero to minimize the sensitivity to uncertainty in the angle) and

from a measured distance. The power incident on the detector was thus propor-

tional to the output power,
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A
Pd = P 07 Cos8

where Pd =power at the detector,

P = laser output power,

Ad = detector area,

R = detector-scattering surface distance, and

9 = angle to scattering surface normal.

This equation assumes a Lamber-ian surface which is perfectly efficient (i.e.,

scatters all light incident on it with no absorption). Our surface was not

exactly Lambertian nor perfectly efficient, but the deviations were small

and nearly mutually canceling, making this equation a good approximation.

The output of the detector was stored on a capacitor. The voltage across

this capacitor at any instant was thus proF'rtional to the total energy incident

on the detector up to that time. This voltage was observed on an oscilloscope,

and a sharp rise could be seen when lasing occurred. At low output this sharp

rise was superimposed on a slower rise caused by pump light and dye fluorescence;

care was taken to subtract this contribution to the total detected energy. As

a check, the capacitor was removed and the voltage across a resistor in series

with the detector output was observed on the oscilloscope. This voltage was

proportional to the instantaneous power at the detector. The energy was obtained

from the area of the pulse. The laser pulse appeared as a short (<2) sec) high

pulse superimposed on the longer (\ 6P sec) low pump pulse. The two signals

were more easily separated with this type of display. The results obtained

for the laser pulse energies were in good agreement between these two methods.

For each channel thickness the output and slope efficiency were measured

using the concentration which yielded the lowest threshold. The single pulse

performance using the two larger channel thicknesses was essentially the same,

while the performance with the thinnest channels was substantially worse. The

performance data for these three cases are shown in Fig. F and in Table I. From

Fig. 5 and Table I, it is clear that the rerformance of the DZZ-FPL is not much

different using 0.91 mm channels and 1.17 mm channels. The apparent slight

inferiority of the performance with 1.17 mm is probably not real and a result

of some combination of the following:
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Fig. 5 Output energy as a function of input energy for three
channel thicknesses.

TABLE I. DYE CONCENTRATION, THRESHOLD ENERGY,

AND SLOPE EFFICIENCY FOR THREE CHANNEL THICKNESSES.

Spacer Thickness Optimumo Conc. Threshold Slope Efficiency
nun Molar. % _______

0.53 i.5xlO 3  521 0.015

0.91 1.25xi0-3 397 0.043

1.17 5x10-4  416 0.039

9
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1. The 1.17 mm data were the last taken and the flashlamps may have

been degraded.

2. The concentration may not have been optimal. The performance

is not very sensitive to concentration over a range of a factor

of 2 or 3 around the optimum concentration, making the optimum

difficult to determine precisely. In particular, the optimum

concentrations for 0.91 mm and 1.17 mm channels are probably

not as different as Table I indicates.

3. There may have been slight differences in the mirror alignment

or the positioning of the detector and diffuse reflector, since

these measurements were separated by a number of days.

The performance with 0.53 nun channels, however, is degraded by a factor of

2 in slope efficiency and the threshold is 30% higher.

It is thus concluded that the optimum channel thickness (i.e., the smallest

channel width at which the single pulse performance is not degraded) is near

0.9 mm and the corresponding optimum concentration is near 1.25x1O 3M.

These tests were performed before thU fused silica anti-reflection coated

end windows were available. The round trip absorption and reflection losses

(excluding dye self-absorption) were found I-) total "t 12% for this configuration.

Thus the performance shown in Fig. 5 only inuicates the relative performance of

the various channel thicknesses. The performance available from the lc-. oss

version with or Lmum channel size and concentration is presented below.

B. Oscillator Output Power and Gain

Detailed studies of the Dye Zig-Zag-FPL as an oscillator and as an amplifier

were made on the optimized DZZ-FPL configuration. Losses were reduced to a

minimum by u-ing prisms of fused silica, for which absorption and scattering

losses are unmeasurably low, and fused silica end windows, which were anti--

reflection-coated on the outside. The only remaining transmission losses are

the dye self-absorption, Fresnel losses at the prism/dye interfaces 'unly 0.55%

single-pas .or thp favu-ed polarization), scattering losses at the surfaces,

and any absozption by the solvent. The measured transmission loss at 632.8 nm

(He-Ne), where d-e self-ai'sorption is negligible, was less than 2%. The 30 cm-

long xenon flashlam: s w!th 5 mm bore diameter used in the earlier eyperiments

were replaced by 7 tam I r flasllamps, )ffering a mota nearly optimim spectral

!0
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distribution and longer lamp life. For these studies the channel thickness

was 0.91 mm and the concentration of dye in ethanol was 5 x 10-4 M, since it

was found above that perfo•:rance is not very sensitive to concentration within

the range 5 x 10-4 to 1.23 x 10-3M. The oscillator cavity configuration was

the same as that described earlier, with an 18% transmitting output mirror,

and oscillation occurred at a wavelength of about 595 rm.

The outpat energy from this DZZ-FPL oscillator was measured using the

calibrated photodiode and integrating circuit that were described above. The

single pulse laser output energy as a function of the energy stored in the

capacitors is shown in Fig. 6. The threshold energy was 230 J, and a laser

output of 0.22 J was obtained with 550 J pumping, for an overall efficiency

of 0.040%. The region of slowly increasing output has also been observed in

the operation of previous DZZ-FPL versions, and seems to be ch&racterized by

an increasing spot size (larger number of transverse modes oscillating). The

sJ'ipe efficiency in the linear region of 0.077% was nearly twice that obtained

from the higher-loss version. The major factor in this increase was the 1.60

times higher output coupling efficiency due to the reduced transmission loss;

the remainder of the slope efficiency improvement was due to higher spectral

efficiency and other factors. The temporal behavior of the DZZ-FPL laser

pulse essentially followed the lamp pulse except that it was somewhat shorter

at both the rising edge and the falling edge due to the DZZ-FPL threshold. The

lamp pulses were typically 8 psec between half-power points, while the laser

pulses were typically 5 Psec ± 1 UsEoc.

A convenient and accurate way to measure both the small-signal gain and

the cold-cavity loss of a laser oscillator is 4-o measure its thre:shold with and

without an additional known cavity loss. For example, one of the cavity mirrors

may be replaced by a mirror of higher transmission, or a device of known attenua-

tion may be inserted into the cavity. Adopting the latLer technique, we utilize"

the Fresnel reflections from a clean glass slide inserted at near normal incidence

(sufficiently far from normal to avoid resonance effects). This additional rouna

trip loss 6 = 0.160 cdused thresio-lj to rise from 241 to 333 J. From the expres-5
sion E (slide)/Eth (no sli,]; = where

th th o e s 0

e = 0.18 is the transmission of the outy :t inirror, we determine thi round-trip

cold ca'.-ty loss to b! A 0.13% or sincle-pass I.oss of 7.2%. The ruajor contri-
-J

butions to the si,:qle-,'ass loss are the refilection loss, expected to be 0.55%,

11
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as discussed above, and dye self-absorption loss. This loss may be estimated

from the absorption coefficient e ; 0.15 ± 0.05 x 10-18 cm2 given by Snavely's 2

Fig. 10 at X = 595 nm. With dye concentration 5 x 10 M and dye length along
0

the optical pý_h £ = 1.40cm, this value predicts (to within 11v 30%) a single-pass

self-absorption loss of (l-e- ) = 0.061, which accounts for virtually all of

the observed Loss.

Knowledge of the laser cavity losses permits the calculation of the

optimum output coupling, following the theory presented by Siegman . Based

upon a threshold of 230J with the 6 = 0.18 output mirror, the minimum possiblee

threshold, obtained with (3 = 0, w•uld be E = 108.8 J. The optimum outpute p
coupling for pumping at 500 J is then 6e (optimum) = 6 [ E p/EPO - 1] = 0.159,

which is so close to the 18% coupling of the present output mirror that the

output power we obtained is within 1% of that which would be obtained with the

exact optimum coupling.

This technique for determining the Gavity losses also permits evaluation at

two points of the small-signal gross gain coefficient g as a function of flash-

lamp energy, since at threshold gain equals loss. We distinguish gross gain got
g 9,.

defined on a single-pass basis by Iout (pumped)/Iout (unpumped) = e , fromout out-(g )£
net gain (go - a ), defined for a single pass by I out/ e 0 0 e where a 0

0.072 is the loss measured above. The measured data for gok, presented in Fig. 7,

lie very close to a straight line passing through the origin, as expected. Thus,
-i

from Fig. 7, the gain coefficient at 500 J is 0.226 cm and the net single-pass

gain of the DZZ--FPL is e (go o Y o0)-i = 0.276. This measured gain coefficient

will be compared with theory in a later section; we now present the results of

a single-pass amplifier experiment to verify the gain value.

The single-pass gain of the DZZ-FDL was measured by its amplification of the

low-power signal from another flashlamp-pumped dye laser. This technique suffers

from many experimental difficulties and inaccuracies, so only qualitative agree-

ment with the above results was obtained. The flashlamp pulse for the probe

laser was about 10 Dsec long and timed to coincide with the DZZ-FPL flashlamp

pulse (separate spark gaps for the two DZZ-FPL lamps were required in order t

achieve consistent timing). Due to the low odtput power of the probe laser in

comparison with tne DZZ-FPL fluvrescence, it was convenient to detect the output

signal through a narrow-band interference filcer, with the probe laser nzrrowed

and tuned to the filter passband by a refl2ction grating. Even then DZZ-FIK
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fluorescence represented typically 30% of the output signal, and amplitude

instability between pulses greatly complicated the data. The data taken at

500 J indicated that gok is probably about 0.3 but certainly within the range

between 0.15 + 0.50, as compared with the value obtained from the oscillator

measurements of go = 0.315. Although further refinement of the experimental

apparatus could provide higher accuracy, these results were considered adequate

confirmation of the small-signal gain measured as an oscillator.

C. Oscillator Beam Size and Divergence

The laser beam emanating from the DZZ-FPL oscillator, in the same con-

figuration as discussed in the previous section, was examined within the range

of input energy that corresponded to linearly increasing output (" 100 mJ) where

the laser beam size appeared to fairly constant. The laser beam size and shape

in the near field were studied by photographing the graph paper upon which the

beam was incident with varying attenuation in front of the camera. The power

in each laser pulse photographed was monitored and only those shots with the

same output power were compared. Unless the saturation behavior of the film

is well known, a densitometer trace of a supposedly unsaturated single-pulse

pattern is unreliable. Assuming that the saturatiop intensity is constant

for the Polaroid Type 107 film, the edge of saturation represents a contour of

constant intensity which can be compared with similar contours on photographs

taken with more or less attenuation. These contours are shown in Fig. 8, where

only the relative values of the contouts are meaningful.

As can be seen from Fig. 8, the laser beam shape is fairly radially symmetric.

Furthermore, if the relative intensity is plotted versus distance along the

vertical cross-section shown, the radial variation of the intensity closely

matches a Gaussian, I(r) = I exp(-2r 2 2), with w = 1.24 cm provicing the best
fit. Thus, 80% of the energy lies within a circle of diameter 2.22 cm. The

usual critirion for a Gaussian beam - "fill" a laser medium is that w R D/3;

for the DZZ-FPL with D = 3 cm that criterion is well satisfied. [It should be

emphasized that the DZZ-FPL output is not a single transverse (TEM 00) mode,
which wouli have a Gaussian distribution with w = 0.0581 cm for this cavity,

0 2
but consist.; of many transv(rse modes, on the order of (1.24/C.0581V = (21.3) -

456, whose superposition is approximately Gaussian.) Because the output spot is

not a 3 cm square of constant intensity, some of the power p-esent in the inl'er-

sion is not bping ujilized, Fnd the oLtpui efficiency is accord:ngly reduced by

the ratic of the oscillating area to cle tctal DZZ-FPL aper+-re:
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Fig. 6 Near-field intensity contours for DZZ-FPr. oscillator.
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Y =a Mw2 /2)/D = 0.216. The modes required to fill out the remainder of theap

square apezvtre apparently suffer too much diffraction loss to oscillate. The

situation might b.: improved by using mirrors of larger aperture or longer radius

of curvature or simply by pumping a smaller aperture DZZ-FPL.

The DZZ-FPL beam divergence was determined by passing the beam through a

lens with a long focal length onto a graph-paper screen placed in the focal plane

of the lens, as shown in Fig. 9, except that the microscope objective was not

needed for magnifying the image. The pattern in this focal plane represents

the far-field propagation angles according to r = f 0, as can be shown rigor--

ously both for a TEM0 0 mode and for a plane wave through a circular aperture

(Airy pattern). The divergence pattern was photographed with varying attenua-

tion before the camera, and the output power monitored as in the previous

measurement of beam size. The divergence pattern was radially symmetric to

about the same degree as the near-field pattern (see Fig. 8). About 80% of

the laser power was contained within a circle of diameter 1.8 cm; therefore 80%

of the lasex power is emitted into far-field divergence half-angles (measured

from the optical axis to the direction of propagation) of 7.4 mrad. One way

of viewing this result is to compare it with the far-field diftraction angle of

a TEM00 mode of the same spot size at its waist, in this case w = 1.24 cm, for

which 0 = X /irw = 0.0153 mrad; the DZZ-FPL oscillator accordingly operates at
0 0

480 times "diffraction-limit". A second interpretation is to compare it %w-ith

the fer-field divergence angle of the TEM00 mode for this oscillator cavity, which
002 2

is 0.326 mrad, so we can loosely say that there are about (7.4/0.326) = (22.7)

515 transverse modes osci lating; this result agrees well with a similar compari-

son between near-field spot sizes that suggests 456 transverse modes, as discussed

above.

12
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Fig. 9 Apparatus for measuring beam divergence and optical distortion.
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IV. DZZ-FPL OPTICAL DISTORTION IN REPETITIVELY PULSED OPERATION

The principal advantage of the dye Zig-Zag-FPL configuration over the

conventional cylindrical dye cell configuration is the expected large reduc-

tion of optical beam distortion even at moderate repetition rates (X 10 pps).

The reduction of distortion is due to two inherent features of the DZZ-FPL.

First, the optical configuration plus the uniform face pumping ensure that

tbe,'mal heating and optical gain are uniform ov.2r the aperture during each

pulse. Thus each ray propagating parallel to the optical axis sees the same

optical and thermal environment. Second, the optical configuration also leads

to partial self-canceling of cumulative thermal effects of previous pulses.

That the thermal effects largely cancel during a pulse is demonstrated by the

absence of any distortion for about the first twenty pulses when the DZZ-FPL

is operated with the dye solution not flowing. Nor could any distortion be

observed when the DZZ-FPL was operated at 2 pps for several minutes with tne

solution flowing. The only thermal effect which was observed is a distortion

during the interval between pulses when tne dye solution heated by the pulse

is being replaced by cool dye solution. Operation during the dye-exchange period

would have considerable distortion. At the present dye flow rate this puts a

limit on the pulse rate cf about 7 pps.

The optical beam distortion properties .he DZZ-FPL were examined using

an expanded collimated He-Ne laser beam at 633 nm. For these measurements the

DZZ-FPL operated with 500 joules into the flashlamps at repetition rates up to

2 pps, the highest repetition rate for which the flashlamps and spark gaps then

in place would fire consistently. The output beam of the Spectra-Physics Model

120 He-Ne laser was checked to be single-mode tTEM 00). This beam was focused,

spatially filtered through a 6.8 lom-diameter aperture, expanded, and collimated

by a commercial Spectra-Physics telescope. After being stopped down by a variable

aperture, the beam traversed the DZZ-FPL along its optical axis. No distortion,

such as thermal lensing, was observed in the near-field pattern projected on a

screen a short distance after the DZZ-FPL for any repetition rate up to 2 pps for

operating periods up to 5 minutes.

The far-field diffraction pattern was examined using the apparatus shown

in Fig. 9. The far-field r ttern, which appears in the focal plane of the first

lens, is magnified by the microscope objective and prclected on a screen. For

collimated light incident upon the first alerture, this pattern is the familiar
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Airy pattern, consisting of rings surrounding a central bright disk of radius

(to the first minimum) R = 0 fI M = (1.22 X/d) f M, where 0 is the beam-

divergence half-angle, M is the iragnification due to the microscope objective,

an, d is the diameter of the first aperture. In practice, the diameter of the

first aperture had to be d < 0,6 cm to prevent distortion of the Airy pattern

into a cross due to aberrations in the telescope. With this setup, any thermal

distortion by the DZZ-FPL would chaine the size or shape of the central Airy

disk.

With the DZZ-FPL firing, the only change in the Airy pattern that could be

seen visually was a very faint upward (in the direction of the fluid flow)

bouncing of the entire pattern on each pulse. This bouncing was independent

of repetition rate and proportional to lamp energy. It could be eliminated by

blocking the pump light from the lamps. During the flashlamp pulse the temperature

of the dye within the channels increases nearly uniformly due to the nonradiative

energy transitions. Then the dye flow forces fresh cool dye into the channels

from the reservoir below, leading to a vertical variation of dye temperature

within the channel. Since the index of refraction of ethanol has a negative

temperature coefficient, He-Ne rays traversing the warmer dye near the top of

the DZZ-FPL travel faster than those near the bottom, so that the phase-front

is tilted downward. The direction of the bounce is inverted by the microscope

objective and appears as an upward deflection of the Airy pattern. The magni-

tude of the observed deflection was measured to be ' 1.35 x 10- radian. Since

the bouncing is caused by the dye flow, it should disappear when the dye flow

is stopped, as was experimentally verified. (With no dye flow the only distor-

tion is thermal cylindrical lensing which sets in after ^u 20 pulses at 1 pps.)

The time behavior of the bouncing was observed by placing a small-aperture

photodiode at the 12 o'clock minimum of the Airy pattern. The signal that was

observed became noticeable about 40 msec after the flashlamp pulse, grew in

intensity for 40-60 msec and disappeared about 140 msec after the flashlamp

pulse. The total duration of 140 msec correlates well with the independently

measured dye pumping rate which produces dye exchange in 130 msec. It must be

emphasized that for repetition rates below the reciprocal of the dye-exchange

time, i.e., below 7 pps, the bouncing distortion in no way affects the operation

of the DZZ either as an oscillato" or as an amplifier, since the optical pulse

is completed long before the distortion becomes appreciable. The limit this
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V. REPETITIVELY PULSED ONE-WATT DZZ-FPL OSCILLATOR

Based upon our earlier measurements of single-pulse oscillator output power

and of the absence of distortion at a repetition rate o:" 2 pps, we might expect,

and we have achieved, average power output in the vicinity of iW for a repetitively

pulsed DZZ-FPL oscillator. For this demonstration we installed new flashlamps,

cleaned all the optical surfaces, and cleaned the single sparkgap used for trig-

gering the flashlamps. With only one sparkgap, the highest repetition rate at

which consistent triggering could. be obtained was 3 pps. A CRL Model 205

Thermopile Power Meter monitored the average output power oL the DZZ-FPL

oscillator as the flashlamp power supply voltage was sjowly increased. The

output power was quite stable at any supply setting and rose quite smoothly as

the flashlamp energy was increased, up to an output power level of 1.05 W, at

which point the sparkgap began to self-trigger. The energy into tha flashlamps

at the 1W output power level was about 600 J. Extrapolating the data of Fig. 6

to 600 J input, we would expect about 300 mJ output in a single pulse. Thus

our measurement of this same output energy per pulse when operating at a repeti-

tion rate of 3 pps is a strong indication of the lack of distortion with the

DZZ-FPL. We observed operation at the 1W level for about a minute, but we could

reasonably expect 1W operation for the entire lifetime of the flashlamps, about

104 to 105 pulses, or about 1 to 10 hours at 3 pps.
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VI. PERFORAINCE ANALYSIS

In this section we present theoretical expressions for gain and efficiency

applicable to the DZZ-FPL configuration, and make comparisons with our experi-

mental results. A gain expression derived from fundamental idser principles

indicates how device performance scales with various DZZ-FPL parameters. When

compared with our measured gain, it provides information on the inversion effi-

ciency (the power availabl in the inversion divided by the electrical power into

the flashlamps), as does the experimentally determined slope efficiency. Per-

formance of the DZZ-FPL as a large-signal amplifier is projected on the basis of

measured efficiency and a theoretical expression that includes ttle effects of

saturation and absorption. These results form the basis for the recommendations

of the next section.

First we define syffbols representing the geometry of the DZZ-FPL, with

reference to Fig. 1. Let n be the number of dye channels (n = 10 in the experi-

mental DZZ-FPL). The (n.-l) clear 450-45o-90° prisms have height (in the plane

of the flashlamps) D, base 2D, and thickness (normal to the flashlamp plane)

4, with D = W = 3 cm in the experimental DZZ-FPL. The dye channel spacing,

normal to the prism surfaces, is g, with an optimum g = 0.91 nu determined for

our DZZ-FPL. Since the dye/ethanol solution nearly index-matches the fused

silica prisms, refraction in the channels can be neglected, so the paths for the

pump light and for the laser light in each dye channel are nearly orth-onal and

of equal length, approximately Iza. The lamp length L must overlap ail the dye

channels, so L = n (D + -pg) ) nD, with L = 30 cm for the experimental DZZ-FPL.

The laser path length through all channels is Z =42gL/(D+47 g) % -F2/gL/D, with

refraction included it is actually about 8% longer, or Z = 1.40 cm for the

experimental DZZ-FPL. The total dye volume in the channels is V = 4. gWDL/

(D+f•g) P42g WL; V=11.65 cm3 for the experimental DZZ-FPL.

In this analysis we can assume uniform pumping and hence uniform inversion

with complete confidence. With the conventional cylindrical geometry, uniform

pumping .s a poor assumption for a system that makes efficient use of its pump

lig-., i.e., radius comparable to the l/e absorption length. The inversion

density across each dye channel of the DZZ-FPL is also not uniform, but no

matter what the true inversion profile is, the symmetry of the face-pilmped

laser causes the gain through each channel experi-nced by each ray propagating

parallel to the optical axis to be identical to the gain -hrcugh a uniformly
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inverted channel. That is, there is no experiment which can differentiate

between uniform inversion and the true inversion profile of the DZZ-FPL. Fur-

thermore, this gain is constant across the entire DZZ-FPL aperture, as was

demonstrated by Martin and Almasi4 with the Nd:glass Ziq-7ag-FPL.

With uniform inversion density in the dye channels, the inversion efficiency

is given according to its definition by

hv V AN/T
0 0

inv Pelect

where V is the frequency of oscillation, AN is the inversion density, T is0

the lifetime of the upper laser state, and Pelect is the electrical power flow-

ing into the flashlamps. The inversion efficiency is the product of several

component efficiencies, each corresponding to a step in attaining the inversion:

linv = lamp nspectral npumping nshift

where: nlamp is the efficiency of the flashlamp in converting electrical power

from the power supply into light; q c is the fraction of light from thespectral

flashlamp that falls within the dye's absorption bands; npumping is the fraction

of spectrally useful light that is actually absorbed in the dye channels, and

is determined by the geometri'-al arrangement of dye, flashlamps, and reflections;

qshift is the ratio of the laser frequency tc the average pumping frequency. In

the analysis that follows, estimates for ni. will be obtained from our gain andmnv

slope efficiency measurements. However, two of its components nspectral and

nshift can be readily evaluated.

From the absorption spectrum for Rhodamine 6G in ethanol published by
2Snavely2, the mean wavelength of absorption is 509 nm, so for oscillation at

595 nm, shift % 0.855. The spectral efficiency can be calculated from this

absorption spectrum, dye concentration, channel thickness, and knowledge of the

spectral output of the lamps. At these high current levels the spectral output

has been found to be approximately black-body radiation from a color temperatuire

determined by the current density, T = K J For our lamps we calculate T

1.1 x 104 K, resulting finally in np rl 0.12.
spectral "

The net gain of a single-pass laser amplifier is given, as discussed in an

earlier section, by Iout/Iin / exp[(g° - a )RI. By convention the emission cross-
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section Fe is then defined by go = Ge AN. Unfortunately, in relating the

emission cross-section (and the saturation parameter, which will be of interest

shortl-) to observable parameters of the laser medi-m, one can consult 11 author-

ities and, after sorting out the N different terminologies, arrive at N different
3

results, differing by factors of 2, 71, n (index of refraction), etc. Having

derived it rigorously and having checked its agreement with the most trustworthy

authorities, we submit the following expression for emission cross-section:

A 4

e 2 2 for the center of a Lorentzian linesharee 4712 a c • rad

X4
X E(A)

0 0 for a dye laser wIth JE(A)dA0=

2 o8fln c T

where A is the wavelength of oscillation, AX the half-power linewidth of the
0

fluorescence, and Trad = T/0, where 0 is the quantum efficiency. The line-shape

factor E(X) was determined experimentally by Snavely foi Rhodamine 6G in ethanol,
6 -with E(595 nm) = 4.55 x 10 m Therefore the gain coefficie:.t for the DZZ-FPL

configuration is

5 5 o
5 E( 0 n o o v Pelect Xo 0 nv Pelectgo = 0 AN = o o n

0 e2 2 2 2 •
e8rn c h V 8Trn c h ( j2gWL)

We note also that the single-pass gain factor, got, is independent of g and Lz

X E (X ) Ti. Pg E0 o inv elect
2 2

8iWn c hWD

We now compare this expression for the gain coefficient with the experi-
-i

mentally measured gain, go 0.226 cm With 500 J into the lamps in an 8 psec

pulse, Pelect (peak) = 6.25 x 107 W. The index of refraction of ethanol is n

1.36, and the wavelength was 0 = 595 nm. Therefore, to achieve go = 0.226 cm

with this system implies n 3.0345 (3.45%), which is a quite reasonable value.inv
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linere re on, the ratio of output. coupling cavity loss to total cavity loss,

equals 0.564 and n aper, the ratio of the oscilratinp area to the total DZZ-

mntaL aperture, equals 0.216 as discussed in the section on oscillator benl size.

These values then imnly that n. = 0.0101 At ayr . The rather large dfscrepancyI iv

between the inversion efficiency values indicated by these two measurements ma"

be due to the different laser operating conditions under which these measurements

were made, such as a shift in oscillation wavelength between threshold and the

linear region, or perhaps multi-mode complications that this theory does not

account for. On the other hand, some of tthe discrepancy may be simply experi-

mental inaccuracy; for example, a shift in oscillation wavelength of only 10 nm

changes E(Am by nearly a factor of 2. At any rate, the true value for the

inversion efficiency is somewhere between these values, probably near 2%.

According to the earlier discussion about the components of the inversion

efficiency, we therefore may infer that nlp 0.20, which is a

reasonable value considering that most flashlamps are about 50% efficient and

pumping cavities are typically 40-60% efficient.

The DZZ-FPL is expected to be used primarily as a large-aperture low-

distortion amplifier. The low small-signal gain of the present unit discourages

its use as a small-signal amplifier; for this application a conventional cylin-

drical dye amplifier or a scaled-down version of the DZZ-FPL, as will be discussed

in the next section, would be more appropriate. But as a large-signal amplifier

the DZZ-FPL could add several joules of energy to a dye laser pulse with high

efficiency. Here we present theoretical predictions for the operation of the

DZZ-FPL as a large signal amplifier, with gain saturation and loss taken into

account.
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whereG (A) = 'J.

e 2
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e

TThis equation reduces to the conventional gaii, expression considered earlier when

I << I. The Lolution of this equation for I(z) is a transcendentpl expression

that can only be evaluated numerically:

p ~~ _ 1 1-0)/
p- 1) = (p-l)a z

I(O) P I I W)/I sat 0

g T). Pgo inv Pelect •
where p = 0. av elect is the pumping parameter.ao • WDI.o I sat

Figure 10 shows the growth of the cptical beam for various input intensity

levels as it propagates along a DZZ-FPL amplifier characterized by the same loss

coefficient (a = 0.06 cm-) and pump power per unit length (p = 3.80) as our
experimental DZZ-FPL operating at 500 J and ) 595 nni. The output intensity from

an infinitely long amplifier with constant pump power per unit length (which

would, of course, require infinite electricazl power), or equivalently from a o

large number of identical amplifiers in cascade, does not approach infinity, but
approaches a finite l:'Lmting intensity I (w) = Isa (p-l) , d,:e to the ef-ects of

saturation in reducing the gain to where it just balances the loss. The optical
path length of the experimental DZZ-FPL, indicated at =1.4 cm, is considerably .

shorter than the distance at which saturation is approached for (0)/Ist << 1,
S~as expected due to the low gain of the experimental version. Therefore its
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Fig. 10 Single-pass laser amplification including .. ~+~ of

saturation and loss, showing intensity versu.. !engý_h for
various incident intensities.
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Erc t~hie osciiistar or preamnlifier to 9 2 area, Car

DZZ-FIFL a=nlifier woul'd req-tiire for efficient operation ---(0) !or ECO)=

36.8 j; at this level is would add 2.8 J to t~he pauise. F-ren t:-- efficiexncy

currve of Fig. 11 this DZZ-FPL: can still ai-d 1.4 j to the Pulse e i_- 'tt as

low as E(Q) = 7 j. Thus, owing to the ibigh. saturation intensityv of dye lasers

and to the large aperture and low gain of the present DZZ-FFL, its use a- an

a _lifia2r is Probably limited to high inpult energy appIJatiors. in the con-

cluding section we will diisc-1ss alternative DZZ-FPL configurations whrich extend

its usefuliness as an amplifie=r at low input energies.
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Fig. 11 DZZ-FPL &mplifier efficiency, nor-ailized to inversion efficiency,
as a function of incident intensity.
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For both, ins s adrate ex ousEto reduer o erf rmne biteh sicnals azperuar-

eac withe satin 1a-71 cm and are lifier eaf DZ-Fy wi D- a= :lmaed. It =is ex3 c(ed
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n s recocaendatioans for fsa turte rmorek, we consider, with the aid of the

theoiy of fhe arevious section, the dossibilities of alternative DZZ-FPL con-

figurations that might be inre useful as oscillators or low-level amplifiers.

For both, it appears advantageous to reduce one or both dimfnsions of the aperture

and to consider multiple passes. In particular, we consider three optical passes,

each with a Ix 1cm aperture, through a DZZ-FPL with D =t1rcm and W 3cm (see

Fig. 1) Since the area facing the flashlamps is the same as in the present 3 x 3 cm

unit, the inversion efficiency n is the same if the channel thickness and
concentration are the same. Furthermore the gain coefficient g is the same for

the same flashsamp power. However, reduction of D by 3 at constant L requires 3

times more channels (and 3 times more prisms); considering also the three-pass

optical folding, the total increase in active eye length is a factor of 9.

As an oscillator this configuration would offer the following advantages:

The smaller aperture and multiple passing should provide uniform intensity '
2

over the entire lxl cm beam area, with n~ thereby approaching
aperture

unity and slope efficiency increasing accordingly;

The longer active dye 1cr gth should reduce threshold to the limit

dictated by self-absorption losses (1\, 130 J) and may permit larger

output couplin.j;I
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inteasity (I (0),/i ;L 10 ) ard the peak asolifier efficiency is highe?

- effh i 9 tines lower bea area reuired for the innut bean to this a.Joifier

.,~ud also serve to reduce the input beam energyl required for efficient

operation, from 36-8 J to about 400 mJ when these latter two effects are

considered. Th'Pe combination of two of these 3-pass, 1x3 =i DZZ-FPL units,

the first as an efficient oscillator with 400 Wm output, the second as

an efficient medium-power aur'lifier capable of adding about 1.6 J to the

pulse, would be an attractive package for producing 2 J tunable dye laser

pulses at a repetition rate of 5 pps.
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I -hro-i.m.out this reort, charue! thicknesses are measured perpendicular

to the prisn surface. S-nce the optical axis is at 450 to this surface,

the path through a channel along the axis is 4Ptimes the channel thickness.
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